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PREFACE 

For centuries man has been surrounded by sounds in the form of 
speech, music and even noises, and although the impact on our 
daily hves is so great, yet there have been few serious attempts to 
develop and understand the theory of such sounds. It is true to 
say that in the main the applications of acoustics have preceded 
theory, and speech, musical instruments and arcliitectural 
acoustics have been developed chiefly by the experimental 
method ; but^ it is gratifying to note that the subject is now 
assummg its rightful place among the physical sciences. 

In this book an attempt is made to cover the ground necessary 
^r those preparing for all stages of the General Certificate of 
Education examination from the ordinary to the scholarship 
levels ; but it is hoped the book will also ajipeal to a wider field 
to include those first-year University students of engineering and 
others who are interested in the development of the more practi¬ 
cal aspects. For this purpose, chapters have been included on 
topics usually outside examination syllabuses, such as sound 
recordmg and reproduction, noise, etc. ; and although these 
topics are not discussed with any degree of completeness, it is 
hoped that sufficient has been said to stimulate interest in them 
and to suggest that much still remains to be done in these im¬ 
portant fields by acoustic engineers of the future. 

It m\\ be obvious to the reader that I am much indebted to 
several standard text-books on acoustics, notably of course to 
that great c as.sical work The Theory of Sound liy Lord Kayleigh. 
A complete bibliograpliy of works consulted in the preparation of 
this book will be found elsewhere and I acknowledge with grati- 
tude my indebtedness to these sources. My especial thanks are 
due to Mr S. G. Starling for his kindness in allowing me to 
repTOduce diagrams from his Textbook of Physics, to Dr. D. R. 
Gnffin of Cornell University, U.S.A., for his interest and practical 
help in comiection with the section on the ultrasonic cries of bats 

and to Mr. H. Bagenal for his kind permission to include one of 
his diagrams on the acoustics of halls 

Messrs Henry Hughes and Son Ltd. very kindly supplied me 
with material and illustrations for the sections on echo-sounding 
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and the ultrasonic flaw detector, and I am indebted to Mr. L. E. A. 
Bourn, of the John Compton Organ Co. Ltd., for information 
and illustrations concerning the electronic organ, also to Her 
Majesty's Stationery Office for permission to use material and 
illustrations from Science at War. 


I also acknowledge the permission of various examining bodies 
to use questions from papers set by them ; the source of each 
such question is indicated by letters which will easily be recog¬ 
nized. 


Finally, I express my sincerest thanks to Mr. A. J. V. Gale for 
the many suggestions he has made during the preparation of the 
book, and for the valuable criticism and advice he has given at all 
stages of the work. 


T. M. YARWOOD 
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CHAPTER I 


PROPAGATION, TRANSMISSION AND 

RECEPTION OF SOUND 

It is veil knovTi that when any object vibrates a sound is emitted 
and conversely, when a sound is produced bv an object, that ob¬ 
ject IS m a state of vibration. The vibration of the object causes 
the particles of the air or other medium to vibrate, and by this 
means the energy is propagated. 

The term vibration or oscillation is used so much in sound and 
other branches of Physics that it is important to understand the 
nature of such a motion. 

SIMPLE HARMONIC MOTION 

Consider a point P moving with uniform sjieed around a circle. 
The projection of P on a diameter, say ,4^, of the circle is M, and 
when P, starting at S, has made a complete rotation, M has 
travelled along the diameter from 0, tlirough .4 and B and back 
again. Thus d/ vibrates backwards and forwards along the 
diameter AB in a regular fashion. 



This particular tyjie of rectilinear vibration which M executes 
between its extreme ]H)sitions is called simple harmonic motion 
(S.H.M.) and it may be defined as the orthogonal projection of 
uniform circular motion. 

If the angular velocity of P is p radians per second, the interval 
between two successive tran.sits of M in the same direction through 
any given position is '27T,p. This is the period of vibration (T), 
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and the reciprocal pI^tt is the number of vibrations per second or 
the frequency (n). 

It is clear from the diagram that the distance OJ/, which is 
called the displacement of M after a time t, and which may be 
represented by y, is given by the equation 

y = a sin pt, 


where a is the radius of the circle of reference and is, of course, the 
maximum displacement of M, This equation is the simplest 
equation to represent and if it is treated graphically 

with t as abscissae and y as ordinates we get a sine curve. For 
this reason simple harmonic vibrations are sometimes described 
as simisoidal. From the equation we can deduce the velocity of 
My which is 


v = -^-^ap cos pt. 


The acceleration of M is therefore 


dv d^y 2 • . 


which is equal to - yp~ since y = a sin pt 


As 


27T 

p 


= Ty 


we have 




27r 


f * 


Therefore the equation for S.H.M. can also be written 

27Tt 

y = asm— . 


Enerfjy of a particle executing S.H.M. As a particle executing 
S.H.M. is moving, it will, in general, have a kinetic energy equal 
to Imv-. This energy varies with the velocitv, being zero at the 
end of the motion where the displacement is a maximum and a 
maximum when the particle is at 0. Thus the kinetic energy 
decreases as the particle approaches maximum displacement and 
the potential energy must increase. Clearly, the maximum 
potential energy’ must equal the maximum kinetic energy, and 
the total energy of the system may be taken as either the maxi¬ 
mum potential energy or the maximum kinetic energy*. 
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WAVE MOTION 

Now maximum kinetic energy = Amy- 

= h)ip-a^ {since v=pa) 

= Am(4772)nV. 

Thus the energy of the vibrating particle is proportional to the 
square of the frequency (n) and to the square of the amplitude 
(a). 

Also it may be noted that for particles of equal mass having 
the same energy but different frequencies, the amplitudes must 
be inversely proportional to the frequencies. 

WAVE MOTION 

When a sounding object vibrate.s, for example, a tuning fork, 
the vibrations of the prongs set up similar vibrations in the air, 
and a sound wave is propagated through the medium. 

In a wave motion we have to consider the motion of various 
particles of the medium, each of which is executing its own 
periodic motion. 

Further, although the form of the As ave is similar to the simple 
harmonic curve, it must be remembered that the harmonic curve 
represents the successive displacements of a siyujlc particle, the 
abscissae representing time, while the wave-form curve represents 
the simultaneous positions of a number of particles, the abscissae 
being the distance of the mean position of the })articles measured 
from some fixed point. However, since all the particles move in 

in any complete wave-length any 
single particle is at some time in every phase of the motion, we 
may look upon the wave curve as also showing the displacement 
of each particle at different times. 

Types of waves. There are two types of wave motion. In one, 

the particles of the medium move at right angles to the direction 
of the wave; a typical example of such a motion is a water 
wave. This type is called a transverse wave, and heat, light and 
electromagnetic energy are transmitted from one place to another 
by such waves. In the other, the particles of the medium travel 
forwards and backwards along the direction in w hich the wave is 
travelling. This is called a longitudinal wave, and it is the type 
which conveys sound energy through a medium. In the study of 
sound, however, we shall certainly have to consider transverse 
waves as well, for these occur in the vibrations of strings, etc. 
Longitudinal waves are not so easily represented or studied as 
transverse waves, which will therefore be dealt with first. 
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TRANSVERSE WAVES 

Equation of a simple harmonic wave. Every particle of a 
medium through which a simple harmonic wave is passing 
executes a vibration of the type given by the equation 

. 27Tt 

y==asm.pty or y = Sism-^; 


but different particles are at different parts of their path, that is, 
they are out of phase. Therefore, the condition of the particles 
at any particular instant can be represented by a sine curve. 
Let a complete wave-length be represented by the curve ABODE. 

The vibrations of the particles of 
the medium at A and B are not in 
the same phase; the particle at B 
is always a quarter of a period 
later than that at A. Also the 
particle at C is half a period later 
than that at A, and so on ; at E 
the particle is a complete vibration 
later than A , which means that it 
is in phase with A. The equation to the motion of the particle at 
B is therefore 



at C it is 
and so on. 


2 / = a sin 


2??^ 7T 


2 / = a sin 


27rt 

~T 


— TT 


At E the equation is 

. 2l7t 

2 / = asin-^. 


In general, if x is the distance from A, in terms of wave-length, 
of any particle P in the medium through which the wave is 
travelling, the equation becomes 


2 / = fl sin 



where A is the full wave-length AE. 


y = asin 2?? 






( 1 ) 
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277 

'Now, since — = T, we have ~ = p. 

p T ^ 

y 

Also, since A = — ([' is tlie velocity of the wave), and ~=n, then 

277 

277 p 71 n 

Hence, equation (1) can be Amtten in the form 

y = asm 277n 


or 


y = a sin p 





This equation of a wave motion, in either form, is so important 
and so useful that it is worth while studying it a little further to 
understand that it really 


does represent a wave. 

If a graph of y against .t is 
plotted, keeping time at a 
constant value t^, the result 
looks the same as that of an 
ordinary water wave at any 
instant. This is what we 
should expect, for the graph 
must be a sine curve. 


btreciion of wove 


Full^line gra(>h corresponds to time 
Dotted •• •• ./q 


If another graph is drawm on the same diagram corresponding 
to a different time tjj, it will go up and douni in exactly the same 
way as the j)revious one ; but the value of x for which the dis¬ 
placement y is zero has changed from Xc to .r^. Hence the Avave 
has moved a distance Xc - x^ in the time and must therefore 


have a velocity 


Xc-Xj) 




Further, if Ave consider the Avay in Avliich the displacement, y, 
at any particular value of x varies Avith time, Ave find that equii-’ 

tion (1) becomes y^a sin [pt + k], k being a constant, and so the 
motion must be simple harmonic. 

Hence the graph of the equation looks like a Avave, it moves like 
a wave and must be a Avave, since a point in the Avave moves in a 
simple harmonic motion. 

It is the term sin pt or sin 27r tJT in the equation which indicates 
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simple harmonic motion, and if the equation has a term of the 

character , v /. . 

, x\ i X 

‘-f) ” (f-j 


then this will indicate movement of the wave. This latter statement 
is of particular importance when we consider stationary waves. 

Wave velocity and particle velocity. The velocity of the particles 
of a medium transmitting a wave motion must not be confused 
with the velocity of the wave. In the diagram, the full-line curve 
IS the displacement curve, and it is clear that the velocity of a 
particle at any instant is dyjdt. But the velocity of the wave at 
that instant is given by dzidt. 



particle velocit y dt dy 
wave velocity ~dx~^ 


dt 

which is the slope at any point of the displacement curve. 

Since the motion of the particle is given by y=as\npty its 

^elocity dyjdf is given by ap cos pi. This is a maximum when 
cosp/ = l. Hence, 


since 


maximum 


velocity =ap = 


27Ta 

~Y' 





Also, cos= l when pi =0, -jt, 27r, etc. Hence, the maximum 
ve ocity occurs at B, D. F, etc., on the diagram, and the minimum 
velocity (zero) at C, E, etc., where 




etc., 


and cos pt=0. 


LONGTITUDINAL WAVES 7 

The velocity curve of the particle is sho^vn in the diagram (not 
to scale) by the dotted line, and it will be seen that it differs in 
phase from the displacement curve by 7 t/ 2. This can also be 
derived from the wave-equation 


y = a sin 27 m 



The particle velocity is given by 

dy ^ _ 

-57 = 'Irma cos zim 
at 



and this represents a cosine curve, which of course differs in 
phase from a sine curve by 7 t/2. 


LONGITUDINAL WAVES 

Sound waves in air are entirely longitudinal; hence the form 
of the wave cannot be shown by a sine curve as in the case of a 
transverse wave, since the particles are moving in the direction of 
])ropagation of the wave. A longitudinal wave may, however, be 
represented diagrammatically to scale by means of a sine curve 
in the following manner. 


Direction of wave 



In the diagram, let ABCDEFG be the normal po.sitions of 
undisturbed particles in a medium. At a given instant during the 
passage of a wave, their positions may be B\ C\ etc., that is, they 
are displaced from tlieir normal positions. If we make 

Bb = Bh\ Cc = CC\ etc., 

measuring a displacement to the right hand upwards, and to the 
left hand downwards, we obtain the curve Abed, etc., in which 
the ordinates represent the displacements of the particles. Such 
a curve is called a displacement curve and is of a sine form, 
though in the case of an actual air wave the curve is very flat 
because the displacements of the particles are small. There is no 


B 
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reason, however, why the displacements should not be repre¬ 
sented by ordinates draAVTi to a larger scale. But whatever the 
scale the resulting curve is a sine curve ; hence the equation to a 
transverse wave given on p. 5 may also be used in connection 
with a longitudinal wave. It will be noticed from the displace¬ 
ment curve that where the curve has a negative slope, as at L, the 
medium is in compression ; where the slope is positive, as at M, 
the medium is rarefied, and where the curve is horizontal there is 
neither compression nor rarefaction, the pressure being normal. 


B 



Magnitude of compression and rarefaction. It is possible to 
draw another curve to represent the amount of compression or 
rarefaction at each point of a longitudinal wave. Let OABCDE 
in diagi’am (</) be the displacement curve for a given wave. Now, 
if the displacement bB', etc., is represented by ij, we have 

Bb ~ Aa =ht/, 

which is the change in the displacement over the distance ab, or 
Sjt. Hence the volumetric strain or the amount of compression 
or rarefaction is given by hjjSx, and if AB is very small, the 

compression is given by dyjdx, which is the slope of the displacement 
curve. 

The curve representing the amount of compression and rare¬ 
faction is shown in diagram (6). 



CROVA’S DISC 9 

Crova’s disc. The propagation of a longitudinal wave may be 
illustrated very well by means of Crova’s disc. A number of 
circles increasing in radius by small amounts are dravm mth 
centres equally spaced round a small circle as shown in the dia¬ 
gram. A strip of cardboard or metal has a rectangular slot cut 
in it and is placed with the slot over the circles so that small 
parts Ay By C, etc., of the circles can be seen. On rotating the 
disc about the centre 0, each small part A, B, C, etc., moves 
backwards and forwards along the slot over a path equal to the 
diameter of the circle, 1, 2, 3, etc. Compression and rarefaction 
waves will then be seen to travel successively along the slot. 



Velocity of a sound wave. The velocity of a compres.sion wave 
can be deduced from a knowledge of the elasticity and density of 
the medium through which the wave is passing. 

Let AB (p. 10) be part of the displacement curve for any com¬ 
pression wave in general, and let k be the bulk modulus of elasticity 
of the medium tlirough which the wave is passing. Now imagine 
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two parallel planes drawn in the 
3 ; medium at right angles to Ox, one 

^ ^ through A and the other through 

I Draw an area s around A and 

J I ^ ^ these planes, forming a tube 

I volume s . dx in the medium, 

^ I I 'W'ith sides parallel to Ox. 

Q ' If p is the density of the medium, 

then ps . dx is the mass of the 
™ medium in this tube. 

Ihe volumetric strain or compression at A is (dyjdx)^, and since 


k = 


•stress 
strain * 


the stress (that is, the excess pressure above the normal pressure 
throughout th^e medium) at A is k(dtj/dx)^. Hence the total force 
on the end of the tube at A is sk(dyjdx)^. Similarly, the total 
lorce at B is sk(dyjdx)^, so that there is a resultant force 

VxJb] 

on the tube due to the difference in compression at A and B, 

force = mass x acceleration. 

Therefore, the acceleration of the medium in the tube is 


force 

mass 


skU'^-y^ 1 hi{^\ (^y\ ) 

iW/j \dx//if \\dxj^ [dxjjif 


....( 1 ) 


mass ps .dx p. dx . 

The particle velocity at A is V{dy/dx)^ (see p. 6 ), where V is 
the velocity of the wave, and at B it is V (dy/dx)^. Therefore, the 
change m velocity of a layer of the medium as the wave moves 
over the distance dx is 

vf(^) -(ii\ 1 

iW/a \dx)iif ’ 

and the rate of change in time S( is 

v(fdy\ /dy\ ) 


f(iy\ _(^\ 

I \dxjA \dx/ii 


( 2 ) 


which is the acceleration. 
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VELOCITY OF A WAVE 



But dxjdt is the velocity of the wave, V. 





Alternative proof of V = , 

is characteristic of wave-motion 


The differential equation which 
is 


fy_y 2 d-y 

and assuming this, it is easy to deduce the velocity of a compres- 
sion wave in a gas. ^ 

In the diagram A and B 
represent two planes in a tube 
of the medium of unit cross- 
sectional area, separated from 
each other by a very small dis¬ 
tance Sjt, Hence, as 8x is small, 
it can be assumed that the rate 
of variation with distance of a 
compression at A is the same as 
at B. Let the displacement at 
A at a particular instant be dy. 

Since the area of the plane is 1 sq. cm., the resulting volume 
strain at A is dy/c/x, and that at B is 



dx dx \dx 



d^y 

dx^ 




The difference between these volume strains at A and B multiplied 
by k, the modulus of elasticity, gives the resultant stress, since 
^ _ stress 

strain * 
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Hence the 


resultant stress = A* (~ 

ax dx^ 





dx^ 


Bx 



and as the area is 1 sq, cm., this is the value of the resultant force 
between A and B. But the resultant force 


= mass X acceleration 


or 

whence 




=p . Bx 


d-y 

dt^ 


Sx Sr 


d^y _ k d^y 
dt^ p * dx^ 


= T '2 




Use of dimensions. If it can be assumed that F is a function 
ot A; and p only, an equation connecting these quantities for gases 
can be obtained by the use of dimensions. 


Wo liave: 


bulk modulus = 




force per unit area 

V 



Now, dimensions of force = MLT-^. 

Hence, dimensions of elasticity = J/Z/T-2 x L“2 and 

dimensions of velocity = 

^ Suppose velocity = const, x elasticity* x density^. 

Using dimensions, we have 


LT-^ = {ML-^ r-2)* X {ML-y 


Comparing both sides, 


from wliich, 


a+^ = 0 , 
-oc-2P = \, 
-2a= -1, 

«=-iS = i. 


Velocity = (const. 



13 


transmission of SOLTND 

In concluding this general discussion on wave motion, it is 

worth noting that gases, having compressibility only, can only 

transmit longitudinal waves ; liquids can transmit longitudinal 

waves and, at their surfaces, on account of surface tension, they 

can also transmit ripples which are transverse waves. Solids, 

too, can transmit both longitudinal and transverse waves since 

they possess compressibility as well as rigidity and tensile 
elasticity. 

The types of waves most commonly met with in the study of 
sound are spherical waves and plane waves. When a sound is 
emitted by a point source in a ho mogene ous niedium, the energy 
is transmitted in all directions, the wave-fronts of the waves 

.. 1^ 3 type is a spherical wave. But if the 

listener is at a great distance from the source, spherical waves 
ma\ be regarded as ])lane waves. The waves passing through a 
tube of uniform cross-section are also plane waves. By a wave- 
front is meant a surface so drawn that at all its points the wave 
has the same phase ; that is, tlie particles of the medium on this 

surface reach their maximum or minimum displacements at the 
same time. 


c Ujf 

Q t KiL 


TRANSMISSION OF SOUND 

The propagation of an acoustic wave is accompanied by the 
transmission of energy through the medium. What happens to 
the sound energy as it passes througli various media and under 
various conditions will be discussed in subsequent chapters, but 
we may consider at this stage the energy content of a sound wave 
at different distances from the source. 

Intensity of a sound wave : the decibel scale. When a sound 
wave emanates from a point source, the energy spreads out 
uniformly from the source in all directions through a uniform 
medium, unless, of cour.se, it is interferct^ with hv such processes 
as reflection and refraction. 

Let *S’ be a point source of sound and 
let I be the amount of energy per unit area 
of the medium in one second, the area being 
normal to the direction of propagation. The 
quantity 1 is called the intensity of the 
energy in the wave. 

As the energy spreads out in all 
directions, the total amount of energy 
passing through a sphere of radius is 
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4:7Trj^xIi ; similarly, if the radius of the sphere is the total 
amount of energy is 4;rr2^ x /g. 

But the total amount of energy may be assumed to be constant. 

.*. X =4:'TTr^ X 

I r 2 

whence -\ = A. 

lo ri2 

Hence, the intensity of sound due to a given source varies in¬ 
versely as the square of the distance from the source. 

The intensity of sound must not be regarded as a mere mathe¬ 
matical quantity of theoretical interest only. It is extremely 
important in practical acoustics, as, for example, in the con¬ 
sideration of the output of a loudspeaker and in finding the 
acoustic efficiency of sound generators. Neither must intensity 
be confused with loudness ; the latter is a sensation which cer¬ 
tainly depends on intensity, though not entirely, but intensity is a 
definite and measurable quantity of sound energy. In a plane 
progressive wave, the intensity I is given by I = jpVy yvheTe 
p is the root mean square value of the sound pressure, p is the 
density of the medium, and V is the velocity of sound in the 
medium. 

Generally, however, the intensity at any one point is due, not 
simply to one source of sound, but perhaps to several. In such 
a case, since it is the sound pressure which produces the sensation 
of sound, the value of p in the above equation is the root mean 
square value of the sound pressure at the point concerned. The 
change in sensation is more nearly proportional to the fractional 
increment of intensity than to the absolute increment. Hence, 
it is convenient in expressing sound intensities to use a scale in 
which the steps correspond to equal fractional increments, and 
the one adopted is the decibel scale which is based on common 
logarithms. On this scale, if /q and are two different intensities 
being compared, the two are said to differ by x decibels where 

It will be noticed that the number of decibels egresses only a 
ratio of intensities ; therefore in order to define an absolute value 
of intensity, there must be a datum from which the ratio is to be 
measured. l?he value now generally used for this “ threshold of 
audibility is 10“^® watts per sq. cm., corresponding to the 
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threshold at 1,000 cycles per second. Under these con- 
ditions. a two-fold increase in intensity corresponds to 3 decibels, 
a ten-fold increase to 10 decibels and so on, and the whole range 
01 audible intensities from about 10“^® watts per so. cm. to 10~^ 
watts per sq. cm. is covered in 130 decibel steps. 

Instruments are made and calibrated so as to read directly the 
sound intensity levels in decibels above a prescribed zero. 

Measurement of intensity. The classical method for the 
measurement of sound intensity is that employing the Rayleigh 
di^. The basis of this method is that a light disc suspended in a 
tube through which sound waves are passing tends to set itself so 
that Its plane is at right angles to the direction of motion of the 



particles of the medium. It is found that if the disc is suspended 
and is in equilibrium at a definite angle with the axis of the tube 
when the sound is not passing, the angle through which it turns 
on the passage of the waves is proportional to the intensity of the 
sound. Kdnig in 1891 showed that if 6 is the initial angle of the 
disc to the axis of the tube and is the average value of the square 

of the particle velocity, the moment tending to decrease d when the 
sound passes is given by 

M = sin 20, 

where a is the ra<lius of the disc and the density of the medium. 

It is obvious that M is a maximum when 0 =45^, thus indicating 

the optimum setting. M can be measured by means of a torsion 

suspension, and the intensity found by using the value of u" so 
obtained. 

Other methods of obtaining the value of intensity are based on 
pressure measurements. One such method consists in using a 



16 


ACOUISTICS 


narrow tube with a pin-hole orifice. If this is inserted into a 
vibratory air column vith the other end of the tube connected to 
one arm of a sensitive manometer, a measurable static pressure 
difference is recorded when the pin-hole is at a node. Incidentally, 
this provides a direct experimental method of exploring the pres¬ 
sure distribution in a sound-energy field. 

Absorption of sound energy. It was stated on p. 14 that when 
sound is transmitted through a medium, the power transmission 
should fall off in accord a ,nce with t he inverse square law. In 
practice, however, this is never quite trueTlor in additloiTto the 
normal spreading there is always absorption of energv by the 
medium. For the causes of the absorption we may look to the 
viscosity of the medium, conduction and, in large-scale 
transmission, to non-homogeneities in the structure of the 
medium produced by wind effects, te mpen ttime changes and 
changes in density. The actual damping“^e to absorption for 
waves in air has been found to be very small for moderate 
frequencies, but rises rapidly with increasing frequency. The 
effect of viscosity is of course of great importance when con¬ 
sidering the transmission of sound through the air in tubes, and 
here, in addition, the loss of energy due to absorption by the walls 
of the tube must also be considered. 

In the transmission of .sound waves through water, the damping 
caused by absorption is not primarily due to viscosity; it is due 
more probably to the decrease in intensity produced by scattering, 
which in its turn is caused by the non-homogen eities in the struc¬ 
ture of the water. In this case, the absorption causes a more 
^ rapid decrease in intensity than would occur with th.e_inverse 
square law ; w'e shall refer to this point again inliJhapter XII. 

Scattering of sound. In the previous section, reference is made 
to the scattering of sound, and a few facts concerning this pheno¬ 
menon will be helpful. When sound waves meet a rigid obstacle 
of dimensions small compared with the wave-length of the sound, 
they are scattered in all directions ; hence they do not obey the 
ordinary laws of reHection. 

It is found that the (impUtude (a) of the scattered waves at any 
point distant from the obstacle is directly proportional to the 
volume (r) of the obstacle and inversely proportional to the 

square of the icave-hngth (A), that is, a . It follows from this 

and the definition of intensity (pp. 3 and 13) that the mtemity oi the 
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scattered sound varies inversely as the fourth power of the wave¬ 
length , this is analogous to the optical law of the scattering of 
light by very small particles. 

It Mill be seen from the above that the scattering of sound is 
‘ selective : the shorter the \vave-length the greater the scatter¬ 
ings. Support for this conclusion comes from the fact that during 
tests, the sound from an aeroplane at the greatest hearing dis- 
tance is found to be limited to the lowest frequencies in the 
emitted complex sound. 

An illustration of the intensity variation was pointed out by 
Lord Rayleigh in connection Avith the so-called ‘‘ harmonic 
echoes (see p. G3). If a complex musical note is sounded near, 
say, a group of trees, the intensity of the 1st overtone, that is, the 
octave of the fundamental, in the scattered sound is found to be 
much increased. In fact, so much, tluit the scattered sound may 
thus appear to be raised an octave in pitch. 

Filtration of soimd. Wlicn energy of any type is propagated in 
the form of a complex wave motion, it is sometimes desirable to 
eliminate certain constituents of the original Avave and alloAA' onl\* 
energA' of definite Avave-lengths and frequencies to pass. The 
proce.ss of elimination is known as filtration, and it can bo applied 
to sound energy as it is to other forms of AvaA^e motion. The prob¬ 
lem is to render the channel through Avhich sound is passing 
scIectiA'e to certain frequencies or bands of frequencies. This can 
be done in various Avays. For example, the Quincke tube (see 
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p. 80) eliminates the transmission of sounds of definite fre¬ 
quencies, namely, those for which the difference in length of the 
two parallel branches is an odd multiple of A/2 and those for which 
the sum of the two branch lengths is equal to any integral 
multiple of A. It may be noted that this tube is highly selective 
for wave-length in contrast to a filter, which removes a relatively 
large band of frequencies. 

Acoustic filters can be divided into three classes : (1) low- 
frequency pass filters, (2) high-frequency pass filters, and (3) filters 
of the single-band tyipe. A series of Helmholtz resonators (see 
p. 131) attached to the main channel through which the sound is 
passing will constitute a low-frequency pass filter. For the high- 
frequency pass t}q)e the branches might consist of simple orifices 
in the main line ; while to obtain the single-band type of filter a 
combination of the other two types can be used. Similar filters 
may be employed with liquid media instead of air or other gases. 
Even a metal rod through w'hich longitudinal weaves are transmitted 
may show filtering properties if the rod is loaded with masses at 
regular intervals ; the rod serves as the acoustic line and the 
attached masses as branches. 

Acoustic filters are used for purifying sounds, for example, 
removing harmonics from a complex wave form to obtain a pure 
tone, and in connection with various speech transmission devices. 

RECEPTION OF SOUND 

In the preceding sections we have briefly discussed the propa¬ 
gation and the tran.smission of sound : reference must now be 
made to its reception. 

Before anv sound can be recorded there must be a receiver, and 

% 

the choice of a receiver must depend on the medium of trans¬ 
mission ; for example, a receiver suitable for air is generally quite 
unsuitable when tlie medium is liquid or solid. Further, the 
selection of a recei\'er will depend on the frequency and wave¬ 
form of the vibration. Sometimes it is important that maximum 
response to weak signals should be obtained in the receiver, and 
distortion of the wave-form may be of secondary importance. 
On the other hand, it may be desirable to obtain a faitliful repro¬ 
duction of the sound wave without distortion, and energy con- 
siderations are relatively unimportant. Hence, receivers may be 
divided into two classes, resonant and non-resonant receivers. 
Generally, the former type is used where maximum sensitivity 
and efficiency are required, and the latter type for faithful 
reproduction. 
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The ear. By far the most important receiver of sound is the 
ear. This organ consists of three parts, the external ear by which 
the sound energy is collected, the middle ear or tympanum or 
drum, through which the energy is transmitted to the third part, 
the internal ear or labyrinth. ‘ The external part of the ear is 
called the concha, and it may be noted in passing that in many 
ammals this external appendage is capable of being turned into 
different positions to assist in determining the direction in which 
the sound wave is coming. 



The passage re])resented by M in the diagram connecting the 
outer ear to the middle ear is closed by the tympanic membrane, T, 
often called the drum of the ear. The drum proper, however, is 
the cavity bounded by the membrane on one side and on the 
other by bony walls excei)t at two places 0 and K across which 
membranes are stretched. 0 is called the fenestra ovalis and R 
the fenestra rotunda. Tiie drum is also in communication with 
the up])er part of the throat by means of the Eustachian tube, 
Eu, which serves to keep the air pressure etiual upon the two sides 
of the tympanic membrane. In the middle ear there is a chain 
of three small bones (m, i, and .s in the diagram) linked with one 
another, which are connected at one end with the t^mipanum and 
at the other end with the fenestra ovalis. Helmholtz has shown 
that this little chain of bones forms a system of levers, by means 
of which the movements of tlie tympanum are diminished in 
extent, but increased in force in the ratio of 2 to 3. 
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The internal ear is the real seat of audition, and it comprises 
the parts called the labjTinth, the semicircular canals, and the 
cochlea. The labjTinth consists essentially of three semicircular 
canals of which one, Scj is shown in section in the diagram. All 
the cavities in the internal ear are lined with delicate membranes 
and filled with fluid called lymph. The cochlea is a spiral canal, 
shown in section at C, and in the cochlea there is an organ called 
Corti’s organ, consisting of innumerable nerve fibres which are 
an extension of the auditory nerve A. 

When a compression wave arrives at the tympanic membrane 
it sets it in vibration, which vibration is transmitted onwards by 
the three small bones. Thus the fenestra ovalis is set in vibration, 
and the waves travel through the lymph round the very complex 
path in the internal ear, so stimulating the nerve fibres and pro- 
ducing the sensation which the brain records as sound. The 
complete process of audition is not yet fully understood. Helm¬ 
holtz put forward the ingenious hypothesis that each fibre in 
Corti s organ was selective to a definite frequency ; hence a com¬ 
posite sound falling upon the ear could be analysed or disentangled 
by this organ into its constituents. Although this theory has not 
been altogether upheld, it is certaua that the ear does possess this 
wonderful power of analysis. 

further, it has been established that tones may exist in the ear 
itself which do not exist in the stimulating tone. For example, 
Iletcher introduced simultaneously into the ear two pure tones, 
one a strong one of frequency / and another of variable frequency 
and adjustable intensity. It is evident that if the first tone 
generates harmonics in the ear, then the second one will produce 
beats when its frequency is adjusted to be near 2/, 3/, etc. As 
a result of his investigations, Fletcher found that these intem- 
ally generated harmonics, which were called aural harmonics, 
undoubtedly exist. 

Also, Wegel and Lane, using tones of frequency 1,200 (/j) and 
(A) c.p.s., detected aural combination tones, made up of the 
sums and differences of the tw'o tones, as follows. 


1st order summation and difference tones 
2nd order difference tones 

2nd order summation tones 

Higher order tones 


1,900, oOO. 

200 = ( 2 /,-/,) 
1,700 = (2/i-/ 2). 
2,600 = (/, + 2/^) 
3,100 = (2/,+/2). 
4,300 = (3/, +/2) 
3,800 = (2/i + 2 / 2 ). 
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That these tones are produced in the ear itself is proved by the 

fact that they are not strengthened by a resonator. 

Sensitivity of the Ear. A sound may be too faint to be heard 

or it may be intense enough to cause pain ; hence there is a 

maximum and a minimum pressure limit for audibility. So far as 

the minimum audible pressure is concerned, the generally 

accepted pressures are given in the following table for various 
frequencies. 


Frequency 
Threshold pres¬ 

64 

128 

1 

256 

512 

1024 

2048 1 

1 

4096 

sure in 


1 






dynes/cm. 2 j 

0-12 

1 

0-21 

0-0039 

1 

0-001 

0-00052 

0-00041 

1 

0-00042 


The diagram indicates the range of the average human ear with 
regard to both intensity and frequency. The upper curve gives 
the sound-pressures (root mean square) which produce a sensation 
feeling, and serves as an upper limit to the range of auditory 



sensation, while the lower curve indicates the pressures at the 
threshold of audibility. It would apjiear then that the ear is most 
sensitive in the region of frequency oOO to 5,000 c.p.s. Also the 
curves suggest that persons re(iuiring a pressure of 1 dyne/cm.^ 
can usually follow ordinary conversation, but ii' the pressure 
required is round about 10 dynes/cm.^ some form of artiHcial aid 
to hearing is necessary. 

There is also for every frequency a minimum perceptible 
intensity difference. In this connection, independent investi¬ 
gators have concluded that near a frequency of 2,000 the ear can 
distinguish, under favourable conditions, from .‘iOO to 400 grada¬ 
tions of loudness between the threshold of audibility and the 
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threshold of feeling, each step being recognisable by the ear as 
just perceptibly louder than the one before it. 

Audible limits of frequency. The lower and upper limits of 
frequency for tones audible to the human ear vary according to 
different observers. The average ear can record sounds of which 
the frequency lies between about 20 and 20,000. Sounds with a 
frequency lower than 20 may be heard, but they cannot be 
distinguished as definite notes ; in fact, there is probably no 
lower limit of audibility for a note, since, as the pitch becomes 
very low, the note merely becomes resolved into its separate 
constituents. Sounds with a frequency greater than 20,000 give 
the listener the impression of a hissing sound, and generally older 
people cannot hear such a high note as those who are younger ; 
the upper limit of frequency which can be heard decreases with 
age, being highest for children. Very high and very low pitched 
sounds of great intensity are felt rather than heard. 

The ears of some animals, particularly the dog and the bat, are 
more sensitive to the high-frequency sounds than the human ear. 
The frequencies of the notes used in music lie between about 30 
and 0 , 000 , and the lowest and highest notes given by a piano have 
frequencies of about 27 and 3,500 respectively. 

Binaural audition. It is well known that having two ears 
enables us to localise the direction of a source of sound to a dis¬ 
tinct extent. The direction of a sound proceeding from the right 
or the left is readily determined with fair accuracy, but there is 
little difference observable between a sound approaching from 
behind or ahead. For high-pitched sounds of short wave-length, 
the directional effects can probably be explained by the difference 
of intensity of the sound reaching the two ears ; but when the 
wave-length of the sound exceeds the perimeter of the head, the 
intensity difference must be very small and another explanation 
must be sought. Lord Rayleigh came to the conclusion that the 
effect depends rather on the phase difference of the sounds as they 
reach the two ears. The origin of the sound was always attributed 
to that side on which the phase is in advance. The phase- 
difference effect is very important in all binaural acoustic finders, 
but there is little doubt that there is a psychological aspect to the 
problem as well as a purely physical one. A further reference to 
binaural audition vill be made in Chapter XII. 

Hot-wire Microphone. The general type of resonance instru¬ 
ment for receiving sounds consists of a small sensitive object (a 
diaphragm, disc or hot wire) put in the mouth of a resonator. 

One of the most sensitive forms of resonant receiver for sounds 
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in air is a Helmholtz resonator fitted with a hot-wire microphone. 
This instrument, devised by Tucker, consists essentially of an 
electrically heated grid of fine platinum wire (0-0006 cm. dia¬ 
meter) placed in the neck of a Holmholtz resonator. Tlie oscillat¬ 
ing air currents in the neck at resonance cool the hot grid, the 
extent of the cooling being measured, by a Wheatstone bridge, 
as a change in electrical resistance ; this resistance-change is a 
measure of the intensity of the sound. The instrument is cali¬ 
brated by observing the cooling produced by steady air streams 
of known velocity. The sensitivity increases with increase of the 
heating current, and it is also greater towards the lower fre¬ 
quencies (say 100 per sec.) ; hence, it has proved itself of great 
value when used with resonators of low frequency for detecting 
and locating sounds from distant guns. 

Non-resonant receivers. Non-resonant receivers are, a.s a 
general rule, much less sensitive than the resonant type at a 
particular frequency, but they 
ha^’e a good average sensitivity 
over a wide range. One good 
example of such a receiver for use 
in air is Wente’s condenser micro¬ 
phone. The instrument consists 
essentially of a tightly stretched 
thin steel diaphragm (0-001 in. 
thick) separated from a parallel 
“ damping ” plate by an air gap of 0-001 in. approximately. The 
two plates form an electrical condenser, the capacity of which is 
varied when vibration takes place, and when a steady voltage is 
applied to the condenser the vibration results in a fluctuating 
electromotive force. The output in millivolts per dyne/em.^ is 
fairly constant over a frequency range of 500-5,000 cycles per sec.; 
and this freedom from resonance over such a wide range of 
frequencies renders it most valuable for purposes of sound 
analysis. This microphone is, however, rather insensitive when 
compared with, say, the more familiar granular tyjjc. 

Piezo-electric receivers are perhaps the be.st exanq)Ies of the 
non-resonant tyj^e, for their natural frequencies are always very 
high (10^-10® cycles per sec. ; see p. 26). Such receivers are 
most suitable for use in a medium like water ; in air they are 
rather insensitive. 

Sensitive flames. These are very convenient detectors of high- 
frequency sounds in air and are commonly used to demonstrate 
the presence of nodes and antinodes in stationary waves of high 
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frequency, also to indicate the 
position of the sound focus of a 
concave reflector. To obtain a 
sensitive flame, gas is allowed to enter 
a small chamber by the pipe Ay and 
it leaves by the jet B where it bums, 
forming a long thin flame. One 
boundary of the chamber is a thin 
india-rubber membrane C, and when 
sound energy from some source 
^ enters at D the variations in pressure 
cause the membrane to vibrate. 
This, of course, causes a varying 
pressure to the gas and the jet 
jumps up and doMTi accordingly, 
Smmd analysis and recordmg. It 
is sometimes desirable to determine 
the nature of a complex sound, more 
particularly in regard to the relative 
amplitudes and the frequencies of the component tones. For 
example, one problem which concerns the radio engineer is the 
fading which occurs in long-distance wireless signals. In this 
investigation of the problem it is most convenient if he can get 
a “ visible picture ” of the complex sound coming in, as well as 
hearing it. In other words, he obtains by some means a continuous 
record of the Avave-form of the sound, and he can see how this 
wave-form changes from instant to instant. Hence, when he 
employs his remedy, he can see the effect both as regards amplitude 
and distortion, and he can adjust his treatment until the desired 
result is obtained. Many attempts have been made to record 
wave-forms of sound by means of diaphragms and stretched 
membranes, and the movements of the diaphragms have been 
recorded in various ways, mechanically, optically and electrically. 

Perhaps tiie most perfect form of sound recording system is 
that first suggested by Sir J. J. Thomson, namely, a piezo¬ 
electric crystal receiver used in conjunction Avith a cathode ray 
osciUograj)!!. The latter is a perfect non-resonant recorder of 
electrical oscillations, haA'ing the same sensitivity at all fre¬ 
quencies from zero to the highest ’• radio frequency, and the 
combination is practically distortionless. 
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TYPES OF SOUND 

Noises and musical sounds. The sounds to uhicli our ears 
respond may be divided into two classes, namely, noises and 
musical sounds. The wave-form of a njpiselhas no set regularity 
of pattern ; hence it has no definite wave-lengtli or frequency, 
though, of course, there may be a few regular vibrations amongst 
the many irregular ones. On the other hand, a musical sound has 
a regular wave-form even though it may be a complicated one, 
and a note of definite pitch is the result. Noises are generally 
unpleasant to the ear and produce a jarring ” effect, whereas 
music aL^cmnds give a pleasjng_sen^atioh,ird^ubt partly due to 
their rhythmic character. 

The study of both classes of sounds is important, and although 
most of the subsequent work in the book will deal with musical 
sounds, a separate chapter will be given to the study of noise and 
its suppression. 

Sonic and ultrasonic sounds. Those sounds which come within 
the limits of audibility are referred to as sonic, and, as we have 
seen, the frequencies of such sounds have outside limits for each 
individual ; they may be referred to as l ow-frequency sounds. 
But sounds can be produced of very much KlgEerfrequency than 
the upper limit of audibility, and these ** sounds ” are referred to 
as ultrasonics. (Previously such ‘•.soiinds" were referred to as 
supersom'es, but the modern cu.stom is to use this term to refer to 
veheides greater than that of sound and to u.se the term 
sonics to refer to frequencies greater than those of audible sound.) 
Galton's whistle ,is a simple device for producing higli-pitched 
sounds beyond the upper limit, but the term ultrasonics in its prac¬ 
tical applications usually means a much liigher frequency than is 
obtained with Galton's whistle. It is clear that to obtain'an ultra¬ 
sonic *’ sound all that is necessary is to devise some mechanism 
to vibrate with a very high frequency. Two important methods 
of doing this will be briefly described here. 

Piezo-electric method. Certain crystals, notably quartz and 
Rochelle salt (sodium potassium tartrate) have the i)roperty of 
changing their linear dimensions when subjected to electrostatic 
stress, and conversely they develop electrical charges on their 
faces when mechanically strained. The phenomenon is called 
piezo-electricity and it was di.scovered by P. Cu rie in 1880./, 
Rochelle salt shows the phenomenon in a most marked deforce ; 
but because of its more suitable mechanical qualities, quartz has 
been so far most extensively used in practical applications. 
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Quartz crystals appear in the form of hexa¬ 
gonal prisms with hexagonal pyramids at each 
end, and the straight line passing through the 
summits of the pyramids, or any line parallel to 
this, is called the optic axis of the crystal. 

Consider a section of a quartz crystal cut per¬ 
pendicular to the optic axis. This will be hexa- 
Opuc axii gonal in shape and the lines AB, CD and EF 

are the so-called electric axes, since along them 
the piezo-electric effect is most marked. For practical use it is 
customary to cut out of the crystal a plate or slab with its sides 
parallel to the optic axis ; this is indicated by dotted lines in the 
diagram. If this plate is inserted between two metal plates and 
an alternating e.m.f. applied to the plates, the oscillator thus 
formed will give rise to vibrations of the frequency of the 
driving E.M.F. The quartz plate has certain natural 
frequencies, and there will be resonance when the frequency 
of the applied e.m.f. is equal to one of the natural frequencies 
of the plate. Resonance is found to be extremely sharp, and 
it is this property which has made the use of the quartz oscil¬ 
lator so valuable in calibrating wave-meters for radio work, 

when high-frequency electromagnetic radiation has to be 
measured. 

This method of producing ultrasonics was originally developed 

in 1917 by Langevin, who used an electrical oscillating circuit to 

provide the apphed e.m.f., the tuning being effected by a variable 

condenser. The frequency used by Langevin was as high as 

50,000 cycles per second. In general, the highest fundamental 

frequency of a quartz crystal cut as indicated above is given 
by the empirical formula ® 
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X 10^ cycles per second, 



where i is the thickness of the plate in cm. A frequency of 50,000 
would correspond to a thickness of 5-74 cm. 

Magnetostriction method. It is well knovm that when a rod of a 
magnetic material is magnetised, it changes in length. This 
phenomenon is knoAvn as magnetostriction, and it can be, and is, 
employed to produce ultrasonics. If such a rod is put in a 
solenoid and a high-frequency alternating current caused to flow 
through the solenoid, the rod vibrates longitudinally with the 
frequency of the a.c., the maximum strain occurring everv time 
the magnetising field is a maximum. If the alternations are 
sufficiently rapid, an ultrasonic wave will be emitted. Of late 
years this method has been developed for echo-sounding (see 
p. 260), and the high-frequency oscillations are obtained from the 
discharge of a condenser. 

Some properties of ultrasonic waves. In 1927 R. W. Wood and 
A. L. Loomis carried out some interesting experiments in connec¬ 
tion with the production of ultrasonics, and their work opened up 
a large field for future investigation of the physical, chemical and 
biological effects of this type of radiation. Their apparatus is 
indicated in the diagram. Q is the quartz plate and A and B are 
two metal plates near to, or touching, Q. The plates were con¬ 
nected to an A.c. supply of 50,000 volts and 300 kilo-cycles, the 
plates and the leads being immersed in oil. The frequency of the 
applied p.d. was adjusted so 
that it was in resonance with 
the natural frequency of the 
quartz oscillator. A glass plate 
P, 8 cm. in diameter, was then 
inserted in the liquid, and for 
certain positions of this plate 
it experienced a considerable 
thrust upwards, thus suggest¬ 
ing that the oil above the 
oscillator had been set into 
stationary vibrations, the dis¬ 
tance betwene P and A being 
an integral number of half 
wave-lengths. When one of 
these positions had been 
located, the plate P could be 
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loaded with 150 gra. and remain in equilibrium ; the xmder- 
surface of P was, of course, a node, a position where the pressure 
changes are a maximum. When the plate P was removed from 
the oil, this became heaped up to a height of 7 cm. above the rest 
of the oil, thus giving an idea of the great pressure produced. 

Further, when a mercury thermometer was put into the oil in 
the above experiment, it registered a temperature of 25° C. But 
the stem of the thermometer was so hot that it could no longer 
be held in the hand. The heat was caused by the friction between 
the rapidly vibrating stem and the fingers. 

Ultrasonic waves are destructive to the life of many small 
Organisms ; sterilising equipment depending on this effect has 
been devised. Also, if this tj-pe of wave is passed across the 
boundary formed between water and oil, or even mercury and 
water, an emulsion is formed. 

In recent years a method based upon acoustic vibrations, both 
low-frequency and ultrasonics, for the dispersal of fog on air¬ 
fields, has been tried with some success. In this the idea is to set 
the fog droplets into to-and-fro motion by the vibrations, so that 
they coagulate upon encountering one another and thereby 
reduce the degree of obscuration. 

Diffraction of light by vltrasonic waves. In 1032 Debye and 
Sears noticed diffraction effects when a beam of light was passed 
through a liquid carrying ultrasonic waves. Light from an 
illuminated slit was rendered parallel by means of a lens and the 
beam was allowed to pass through a cell containing a liquid. 
A lens on the other side produced an image of the slit on a screen. 
A quartz crystal generating ultrasonic waves was put in the 
bottom of the cell and arranged so that the longitudinal waves 
passed through the liquid in a direction at right angles to the beam 
of light. A diffraction pattern was noticed on the screen similar 
to that obtained by an ordinary diffraction grating. 

The cause of this appears to be due to the variable density of 
layers of the liquid produced by the acoustic waves. These 
variations cause corresponding variations in the refractive index 
of the medium and a scattering process results. 

A number of orders can be seen on the screen, and the angular 
dispersion agrees with that given by the usual equation for a 


diffraction grating, namely, sin d=n 



where is the wave 


length of the light, the wave-length of the acoustic disturbance 
and n an integer specifying the order. 
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It will be clear that this experiment affords a method of 
determining the wave-length of an ultrasonic wave. 

Acoustic interferometer. Another method of finding the Avave- 
length and also the velocity of ultrasonic waves, both in liquids 
and gases, is by using an apparatus, due to Pierce, called the 
acoustic interferometer. In this, a quartz crystal is caused to 
generate plane waves, the oscillations being maintained by a 
valve oscillator. The Avaves are reflected at a movable plate 
Avhich is parallel to the vibrating surface of the crystal, and 
stationar)'^ Avaves are set up. The action of the Avaves is to add a 
“ load ” to the crystal and this Avill be a maximum Avhen the 
transmitted and reflected aa ma'cs are exactly out of phase at the 
surface of the crystal. If therefore a milliamineter is put in the 
anode circuit of the A’alve its readings Avill rise and fall, and if the 
reflector is raoA'cd toAvards the crvstal the current Avill be maxi- 
mum for certain positions of the reflector and these positions Avill 
be A/2 apart. 

To find the A’clocitv of the aaha'cs, it is noAv necessary to de- 
termine the frequency of the crystal, and this can be done by 
using a Avave-meter in the electrical circuit. The A'elocity is then 
calculated from the relationship 

V = nA, 

Avhere n is the frequency and A the Avave-length of the sound. 
This is an important and a fundamental relationship Avhich is 
valid for all forms of AvaA^e-motion, longitudinal and transverse. 



CHAPTER II 


VELOCITY OF SOUND 

It was seen on p. 11 that the velocity of sound in any medium is 

given by V —Jkjp, where k is the appropriate modulus of elasticity 
and p is the density of the medium. If the wave is travelling 
through a solid rod the modulus of elasticity is Young's modulus, 

and we have V ^jEjp. 


GASES 

Newton first established the relationship V = \lkjp for the 
velocity of sound, and then deduced the value for k by assuming 
Boyle s law, which gave k—p, the pressure of the gas. This can 
be shown as follows. Consider a given mass of air or any gas to 
have a pressure p and volume v and let these change by a very 
small amount at constant temperature becoming + and 
(v -8y). 

By Boyle’s law pv = constant. 

Differentiating, we have p . Sy + v . 8p =0 



But modulus of elasticity 


stress change in pressure 
strain ” change in volume 

original volume 



p=k. 


(The -ve sign appears because an increase in pressure causes a 
decrease in volume.) 

Hence, according to Newton, the velocity of sound in a gas is 

30 
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given by T =Jpjp, But when this equation is used to calculate 
the velocity of sound in air at 0° C. using the values 

p = 13*6 X 76 X 981 dynes per sq. cm. 
p =0-00129 gm. per c.c., 

it is found that T =28,100 cm. per sec., which is appreciably 
lower than the experimental values. Laplace was the first to 
explain the reason for the discrepancy. He pointed out that the 
compressions and rarefactions in a sound wave occur so rapidly 
that the resulting gain and loss of heat produce changes in 
temperature. In other words, the conditions are adiabatic and 
not isothermal, and it is not correct to apply Boyle's law. The 
adiabatic equation is py>' = a constant, where y is the relationship 

between the specific heats of the gas at constant pressure and 
constant volume. 


In this case = constant. 

Differentiating, we have 

py . Sy + . Sjj = 0 


whence 



the adiabatic bulk modulus =yp. 


Hence 



Using the same data as before, and taking y = l-41 for air, the 

velocity of sound in air works out to be 33,160 cm. per’sec., 

which is in closer agreement with the value obtained by experi¬ 
ment. ^ 


FACTORS AFFECTING VELOCITY OF SOUND IN AIR 

Effect of pressure, From the above equation, it would appear 
that the velocity of sound depends on pre.ssure. But if temperature 
remains constant, the pressure of the atmosphere is proportional 
to the density, by Boyle’s law. Therefore, any change in pressure 
IS accompanied by a corresponding change in density in the same 
ratio, and the value of pjp remains unchanged. Hence the 
velocity of sound in air (or any gas) is independent of the pressure 

so long as Boyle’s law holds. 
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This has been verified by direct experiment, and it has been 
found that the velocity at a considerable height up a mountain is 
the same as at sea level. 

Effect of temperature. Although any variation in pressure 
affects the density in the same ratio, it does not follow that the 
converse is true. Therefore, we must examine what factors are 
likely to affect the density of the air and consider their effect on 
the velocity of sound. The most important factor in this connec- 
tion is temp erature. The velocity of sound at 0° C. is given by 

= and at a temperature f C. by Vt = ^yplpt> where 

pQ and pt are the densities at 0° and respectively. 

But 

where T, and are absolute temperatures and a is the coefficient 
of expansion of air. 



Hence 





9 


that is, tlie velocity of soimd in air is proportional to the square 
root of the absolute temperature. 

Also, we have 


0 

from which relationshi]) the velocity, measured at any tempera¬ 
ture, can be corrected to 0®. This correction amounts to about 
61 cm. per sec. per degree for ordinary atmospheric temperatures. 

Effect of water vapour. In considering the effect of moisture 
on the velocity of sound, we must bear in mind that both y and pfp 
are affected by the pressure of the vapour. It has been shown 
that in moist air the value of y is given by y = 1-40 -0-le/^, where 
p is the total atmospheric pressure and e is that portion of it due 
to the w'ater vapour. 

Also, the density of moist air is less than the density of dry air, 
and when both these variable factors are taken into account, it is 
found that the velocity in moist air is slightly greater than in dry 



VELOCITY IN GASES 33 

example, the velocity of sound in saturated air 
at Zi) O. and a pressure of 76 cm. of mercury is about 0*35 per 
cent greater than that in perfectly dry air at the same tempera- 
ture and pressure. The effect of fog on the velocity is not de- 
tinitely knoAvn, but it is probably negligible. 

Effect of frequency. For sounds of audible frequency, that is 
low frequency, the velocity of sound is independent of the fre¬ 
quency ; otherwise, music as we know it would be impossible, 
iiut for very high frequencies, sav ultrasonics, the study of the 
p^sage of a sound wave through a gas will involve further con¬ 
siderations. This problem has been investigated theoretically in 
the light of the kinetic theory of gases, and it has been shown 
that for very high frequencies the velocity of propagation in 
gases should increase slightly with the frequency. A certain 
amount of experimental work has also been done, and although 
the earlier work indicated the existence of such an effect, mo^re 

recent work shows that in air at any rate the effect is not measure- 
able. 


Effect of a mplitu de. The conclusion that the velocity of sound 

is equal to sjdpidp is based on certain assumptions, one of which 
IS that tlie waves are of small amplitude. For waves of large 
amplitude, the relationship is not true, and it has been found 
that velocities far in excess of the normal value have been ob¬ 
tained in explosive waves. In such a wave, the curve connectim^ 
pressure and density is not a straiglit line, and the bulk modulus 
increases as the density is increased by comiiression and diminishes 
as the density is reduced by rarefaction. Consequently, the com¬ 
pression wave travels faster, and the rarefaction slower, than a 
sound wave of small amplitude, and as a result there is a cliange 
of wave form. It .should also be noted that during the rapid 
compressions in the early stages there vill probably be a rise in 
temperature which will cause an increase in velocity. A large 
amplitude wave has therefore an initial velocity much greater 
than an ordinary sounrl wave, gradually approaching the latter 
value as the distance from the source increases. It has been 
shown that the velocity of sound from an intense electric siiark 
varied from 600 metres per second at a distance of 3-2 mm from 
the spark to 380 metres per second at a distance of 18 metres 
Shell waves. In the case of rifles and guns, the bullet or .shell 
in the early .stages of its flight at lea.st, travels fa.ster than sound! 
Un account of this high velocity, the missile gives rise to V- 

shaped compression waves, one at the front and one at the back 
rather like the wake of a ship. 
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Suppose a bullet is travelling ^vith a velocity V and it gives rise 
to a compression wave of velocity v. When the bullet is at A, a 
compression wave spreads out in all directions, and after a time t 
it can be represented by the circle F of radius vt. In the mean¬ 
time the bullet has reached a position B such that the distance AB 
is Vt. If we consider the conditions after a tune tj2, the bullet 
wdll have reached C and a compression wave of radius v . ^/2 will 
spread out from this point, during which time the bullet vn\l have 
reached B. Therefore, a cone with apex 5 can be constructed to 
touch all the spherical waves, as shown in the diagram, and this 
is the shape of the compression wave. Also, 




lienee, by observing the compression waves by means of the 
shadow they produce when illuminated for an instant, it is 
possible to measure the velocity of a bullet fired from a rifle. 

The wave from a gun, such as we have just described, which 
progresses with a velocity greater than the normal velocity of 
sound, is known as the “ onde-de-choc ” and it reaches the ob¬ 
server as a sharp crack. The discharge from a gun, however, is 
not a single signal, but generally consists of three separate signals. 
The “ onde-de-choc ” is followed by the wave due to the ex¬ 
plosion of the shell, and also by the gun wave due to the expansion 
of the gases at the gun. This latter wave, which is called the 
“ onde-de-bouche ”, travels with the normal velocity of sound 
and is the wave used in sound-ranging to ascertain the location 
of the source. 
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Velocity of Sound v. Velocity of Aircraft. The value of the 
velocity of sound is of the utmost importance to the aeronautical 
designer, particularly as the speed of modern aircraft has now 
approached that of sound. When the ratio of the two speeds 
becomes equal to unity the compression waves set up are unable 
to get away, and the air barrier so formed must offer enormous 
resistance to the aircraft. Tests have been, and still are being, 
carried out to obtain information concerning the behaviour of 
such high-speed aircraft, and until the results of these tests have 
been given it is idle to speculate on the subject. But it appears 
certain that the shape and structure of the aircraft-to-come -will 
be very different from that of the machines of today. 

Apart from the structural stresses and strains involved in high¬ 
speed fl^-ing, the question of noise in the aircraft will be of im¬ 
portance. Will the crew of the aircraft be deafened by the noise, 
or will they hear nothing? Here again it is a matter of peculation 
untU concrete evidence is forthcoming, but probably the answer 
is that the crew will neither be deafened nor w ill they be in per¬ 
fect silence. How'ever, these are ail interesting questions to be 
solved in the future. 

Velocity of sound in gases other than air. The equation 

V =^‘yp p 

holds for all gases ; hence as all gases have densities differing 
from that of air, the value of V will be different. Let us assume 
for a moment that y is a constant for all gases. We have 



that is, the velocity of sound in a gas varies inversely as the square 
root of the density of the gas. 

But it is known that y is not a constant for all gases. For air 
and for those gases which are regarded as diatomic, for example 
hydrogen, oxygen, nitrogen, etc., the value of y is about 1 - 4 L 
In the case of the rare gases helium, argon, neon, etc., and for 
mercury vapour, which are all regarded as monatomic, the value 
IS about 1-66, while for triatomic gases like carbon dioxide it is 
about 1-29. It is interesting to note that the value of y for water 
vapour is somewhere about 1-26 {see p. 32). Hence, to calculate 
the value of the velocity of sound in any gas, the corresponding 
values of y and p must be known ; alternatively, if the velocity of 
sound m any gas is known, the value of y for that gas can be 
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calculated if the density of the gas and the pressure at the time 
of the experiment are known. This method of finding y may be 
used in those cases w^here the specific heats of the gas cannot 
conveniently be found directly. 

METHODS OF FINDING THE VELOCITY OF SOUND 

IN AIR AND OTHER GASES 

It has already been seen that the velocity of sound in air in any 
gas can be calculated if sufficient data are known. We wull now 
consider certain experimental methods of obtaining this value. 

Historical. The first determination of the velocity of sound 
which can be considered at all reliable was made about the middle 
of the eighteenth century by three members of the French 
Academy of Sciences. Two stations about 30 km. apart were 
selected and at constant intervals during the night cannons were 
fired, one at each station. The time elapsing between seeing the 
flash from the explosion and hearing the report was obtained, and 
knowing the distance between the stations the velocity of sound 
could be calculated. The results showed that the velocity of sound 
in air increased with temperature but was independent of pres¬ 
sure ; also that the velocity increased when the sound travelled 
with the wind and decreased when it travelled against it. In 
these experiments, how'ever, by taking the mean time of propa¬ 
gation in opposite directions the wind effect was eliminated. 

The chief objection to this type of experiment is that the 
“ personal equation ” of the observers, which is different for each 
observer and is difficult to eliminate, introduces errors. Such 
errors can be very much reduced by employing mechanical means 
to record the various signals ; but here again all such pieces of 
apparatus have their own “ personal ” equation. This, however, 
is much more constant than that of the observer and may be 
evaluated and then eliminated by experimenting over widely 
different distances, as was done by Regnault in an important 
series of experiments in 1864. 

Regnault’s experiments. In these experiments, the reciprocal 
firing of guns at stations, at first 2,445 metres and then 1,280 
metres apart, was the method employed, and the apparatus 
shown in the diagram w’as duplicated, one at each station. W is a 
wire at one station A connected to the rest of an electrical circuit 
at the second station B. When the gun is fired at A the wire W 
is broken and also the circuit at B, thereby causing the style S to 
make a mark to the left on the rotating drum D, which moves at a 
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constant and known speed. Thus the instant of the original 
sound is recorded. 

When the sound reaches B it is received by tlie wooden cone C 
which has a membrane at its narrow end, and this is forced out¬ 
wards to make contact and close tlie circuit again. Thus the 
style moves again and makes a mark on the drum to the right. 
As the speed of the drum is known, the time interval between 
the two marks can be found and so the time between firing the 
gun and recording the sound ; hence the velocity of sound can be 
calculated. To eliminate the efTect of wind and other possible 
varying factors, the experiment was repeated from B to A and a 
mean value of the velocity obtained. 

Regnault found that the apparatus itself had a “ personal 
equation and to eliminate this the experiments were repeated 
over the smaller distances. 

Stone’s experiments. In 1871, Stone, who was the Astronomer- 
Royal at Ca])e Town, performed a series of experiments in an 
attempt to eliminate the " personal equation Two observers 
were stationed at distances 641 ft. and 15,499 ft. respeetivclv 
from a gun which was fired. Each observer reported the arrival 
of the sound at Ins station on an electrical chronograj)!!, and the 
difference between the recordings of the sounds was the time 
taken for the sound to travel across the distance between the 
stations, but slightly in error owing to the fact that their ])er- 
sonal equations ” were not likely to be the same, especially as the 
intensity of the sound received by each was different. To 
eliminate the difference between the personal eciuations, a .smaller 
gun was fired at such distances from the observers' tluit the 
intensity of the sound was approximately the same as in the main 
experiment. The distances were now 162 ft. an<l 1,483 ft. from 
the gun, and the recorded difference in the times of reception was 
1*265 sec. 

The time for the sound waves to travel across the distance 
between the two observers was then calculated from the pro¬ 
visional value of the velocity of sound deduced from the first 
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experiment when no correction was applied. This time was found 
to be 1*177 sec., a difference of 0-088 sec., and this represents the 
difference between the two personal equations. When this cor¬ 
rection was applied, Stone obtained a value of 332*4 metres per 
second for the velocity of sound. 

Greely, working in the Arctic regions, when conditions were 
still and the low temperature causes the water content of the air 
to be small, found that the velocity of sound in air could be 
represented by the equation r = (332+0-6/) metres per second, 
where t is the temperature on the centigrade scale. 


The above methods of finding the velocity are essentially long¬ 
distance methods, and these certainly have definite disadvantages. 
In the first place, the original sound must be loud in order to 
carry the required distances, and we have already seen that the 
velocity of such sounds is not normal, particularly near the source. 
Again, it is practically impossible to correct for wind, tempera¬ 
ture and humidity changes and variations to any high degree of 
accuracy. Short-distance methods are to be preferred, and the 
following method, utilising short distances, was used by Hebb in 


1904. 

Hebb’s method. The basis of the method is to find the wave¬ 
length of a source of sound of kno^\'n frequency and then to apply 
the relation r = «A. The experiments were carried out in 1905 in a 
room 120 ft. lonji, and the source of sound was a whistle which was 
blown so steadily as to maintain a frequency to an accuracy of 
1 in 5,000. This source was put at the focus of a parabolic 
mirror, of focal length 15 in. and diameter 5 ft., made of plaster of 
Paris. At the focus also was a telephone transmitter which 
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was connected through a battery and a switch to one of two 
primaries of a special induction coil. At the other end. about 
100 ft. away, was a similar arrangement, the transmitter T., being 
connected to the other primary of the induction coil.“ The 
secondary of this coil was connected to a telephone receiver R. 

When the whistle was sounded, some of the energy passed 
direct to Tj and thus actuated the telephone receiver. A parallel 
beam of sound energy also proceeded from mirror to the 
second mirror and so operated transmitter Therefore the 
sound heard in the receiver is the resultant effect of the two sounds, 
which, of course, may differ in phase depending on the distance 

There must be a difference to correspond to maxi¬ 
mum resultant effect, that is, when the two sounds are in the 
same phase, and also one to correspond with minimum effect. Li 
the experiments, one mirror with its corresponding transmitter 
was moved towards the other until the maximum sound was heard 
in R, and then further moved until there was a minimum of sound ; 
the distance between the two positions is A 2. A series of ob¬ 
servations for maximum and minimum sound was taken and a 
mean value for A obtained. By this means the wave-length was 
determined correctly to within one part in a tliousand. 

The frequency of the whistle was obtained by tuning it in 
unison with a fork which was itself compared with* a 512-fork by 
traces on a smoked plate. The 512-fork was compared in the 
same way with a pendulum and then the pendulum with a clock. 
^The final determination for the velocity of sound in dry air at 

0® C. was r =331-29 metres per sec. with a probable error of 
±0-04 metres per sec. 

Hebb repeated his experiments in 1919 and the results gave a 
velocity of 331*44 metres per second for dry air at 0° C’. 

Other methods of finding V. Other methods based on widely 
different princi])les have been used for finding the velocity of 
sound in air and other gases. Among tliese are the echo mctiiod, 
the method of resonance, and Kundt s tube, and all these will be 
dealt with more fully later. 

Perhaps one of the most accurate of these other methods is that 
based on the same principles as were used in connection with 
sound ranging in the First World War. The sound of a gun is 
picked up by two resonant hot-wire microphones at a known 
distance apart and in the same straight line as the gun. The 
microphones actuate a string galvanometer, the movements of 
which are recorded on to a mechanism which can time accurately 
to the 1,000th part of a second. The velocity is calculated by 
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dividing the distance between the microphones by the time inter¬ 
val between the two recorded signals. By this method the 
velocity of sound was 337*16 metres per sec. at 10° C., in dry air 
and 337*6 metres per sec. at 10° C. in air of average humidity. 

Velocity of sound in tubes. We have already mentioned the 
frictional drag on sound waves when they pass through pipes ; 
hence we should expect that the velocity of sound through the air 
in pipes should be less than in free air. In this connection, 
Regnault performed an elaborate set of experiments in 1862-63 
with the water mains newly laid in Paris. As a result of these ex¬ 
periments, in which he used pipes of different diameters, Reg¬ 
nault came to the conclusion that the velocity of sound tends to a 
lower limit when very feeble owing to the great distance tra¬ 
versed, and this limiting speed is greater in wide pipes than in 
narrow ones. He considered that in the pipe of 1-1 metre in 
diameter its sides were practically without effect on the velocity, 
and he gave the value 330*6 metres per sec. as the velocity of 
sound in air at 0° C. in an infinitely wide pipe. 

Blaikley noticed that in Regnault’s experiments the decrease 
in speed found there would, if extended to the diameters used in 
brass musical instruments (in which Blaikley was interested) 
lead to smaller values than those actually experienced. He 
attributed the discrepancy to the roughness of the pipes used by 
Regnault, and in 1883-84 he carried out a series of experiments in 
which he used a special form of pipe so that when it Avas blown 
only the fundamental note was sounded without any overtones. 
Smooth brass tubes of five different sizes Avere experimented 
Avith, and Blaikley found that the velocity of souufl Aaried from 
324*383 metres per sec. for a pipe of diameter 1T43 mm. to 330-134 
for a pipe of diameter 88*19 mm. As a result of his experiments, 
he inferred that the velocity of sound in free air at 0° C. Avas 
331*676 metres sec. 

VELOCITY OF SOUND IN LIQUIDS 

Wlien sound traA'els through a liquid, the Avaves are still 
longitudinal and the elasticity called into play is the bulk modulus, 
as in gases. The expansion of liquids is so much less than that of 
gases that it is immaterial Avhether the changes that take place 
in the medium are regarded as isothermal or adiabatic, but the 
modulus of elasticity to be used is no longer easily obtained from 
the pressure as in gases. If k is the bulk modulus for the 

li(piid, Ave haA'e V = s!k;p, and this is equal to v I d/p Avhere 3/ is 
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the compressibility. For water at a pressure of 1-25 atmospheres 
and at a temperature of 15° C., Amagat found the compressibility 
to be 48*9 x 10~^- for an increase of pressure of 1 d^Tie/cm.^ The 
density of water at 15° C. is 0-99912 gm./c.c., and using these 
figures, the velocity of sound in water works out to be 143,166 
cm./sec. This is roughly four times the velocity of sound in air ; 
the greatest contributing factor to this result is, of course, the 
high value of the bulk modulus for the liqukl. 

The classical experiments on the velocity of sound in water are 
those of Colladon and Sturm carried out in 1826 on Lake 
Geneva. They arranged for a bell to be struck under the water, 
and the sound was detected some distance away by a large 
trumpet-shaped receiver, the larger, lower end of which was 
immersed, while the small upper end was held to the ear of the 
listener. The striking of the bell was accompanied by the 
ignition of some gunpowder above the surface of the Avater, and 
the time interval between the Hash and the sound was measured. 
The mean temperature of the water was estimated to be 8T° C., 
and the value obtained for the velocity Avas 143,500 cm. per sec., 
Avhich is in close agreement Avith the calculated value giA^en 
above. 


The velocity of sound in Avater, particularly sea Avater, is of 
great importance in connection Avith under-Avatcr signalling ; 
hence many experiments have been carried out to find the value 
of this velocity, using explosion Avax^es, to a considerable degree 
of accuracy. In 1919 ^larti used three hydrojHiones in a straight 
line in Cherbourg roadstead, the total base line being 1,800 metres, 
the actual ])ositions of the hydrophones being accurately k)cated 
by using a theodolite. The ])assage of the sound Avave due to an 
exi)losion under Avatcr in a line Avith the hydrophones Avas regis¬ 
tered by an electric chronograph, Avith smoked ])aper and a tuning 
fork time trace. The result obtained shoAved that in sea Avater of 


density 1 0245 gm./c.c. the A^elocity of sound is 1503-5 metrcs/sec. 
at a temperature of 14-5° C. 


Some years later, experiments were carried out by Wood, 
BroAvne and Cochrane near Dover, using four hydroplioiies and a 
base line of 12 miles. Accurate temperature and salinity observa¬ 
tions Avere made at points along the base line, and a new method 
Avas devised to obviate errors cause{l through the firing of the 
charge at a ])oint not quite in line Avith the hydrophones. The 
times of arriA-al of the sound at the four hvflrophones Avere 
recorded on four strings of a six-string Einthoven galvanometer ; 
the ticks of an accurate chronometer Avere recorded on the fifth 
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string, and a mreless signal sent from a naval vessel at the instant 
of firing the charge was recorded on the sixth. Thus the record 
showed to an accuracy of ±0-001 sec. the various time differences 
and the total time of travel of the explosion wave to each receiver. 
The results of the experiments, which were carried out in summer 
and in winter, showed that with a constant salinity of 35 parts per 
thousand, the velocity of sound is 1510-4 metres/sec. at 16-95° C. 
and 1477-3 metres/sec. at 7° C. 

Variations in the homogeneity of sea water would appear to be 
of obvious importance, since the velocity of sound, as will be 

recalled, is given by V =JllpM (p. 40). The salt content of the 
water is different from place to place, and the temperature and 
the density of the water both change with the depth. An increase 
in the salt content of 20 per thousand brings about a decrease in 
M of only 5 per cent and therefore an increase in V of only about 
2*5 per cent. This increase in salinity, however, causes an in¬ 
crease in density of about 15 per cent and hence a decrease in F 
about three times the increase due to the effect of M. At moder¬ 
ate depths the effect of change of salinity on velocity is therefore 
rather small. 

It must be noted that the pressure increases with depth, and it 
has been found that the compressibility decreases with increasing 
pressure. This decrease is about 1 per cent for 10 atmospheres. 

Velocity in liquids in tubes. As in the case of gases, so stationary 
waves (see p. 81) may be set up in tubes filled with liquids. But 
on account of the small compressibility of a liquid compared with 
that of a gas, a correction is necessary due to the yielding of the 
walls of the containing tube. This yielding produces an apparent 
lowering of the wave velocity. If Fq is the theoretical velocity in 
the liquid, V the actual velocity in a tube of small thickness h, 
a the internal radius of the tube, k the bulk modulus for the 
liquid and E Young's modulus for the material of the tube, then 

- '■ • 

If the w'alls are very thick 

where « is the rigidity of the material of the tube. 

Kundt and Lehmann have obtained “ dust figures ” in liquids 
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as in gases by using fine iron filings, and have measured the 
velocity in tubes of different diameters and thickness (see p. 45 ). 

If the wave-length of the sound is sufficiently small compared 
with the diameter of the tube, that is, at high frequency, the 
correction given above disappears. In 1927 and 1928 Hubbard 
and Loomis used a quartz oscillator emitting waves at a frequency 
of 200,000 and at 400,000, and found the velocity of sound in 
various liquids vdth an accuracy of 1 in 3,000. 

Range of sound in air and in water. It was seen in Chapter I 
(p. 14) that when a sound is transmitted through a medium, the 
power transmission falls off approximately in accordance with 
the inverse square law. This is never quite true on account of 
other factors, and the wave progresses with exponentially 
decreasing amplitude, this causing a more rapid decrease in 
intensity than would occur under the inverse square law. It 
can be shown that the attentuation factor is equal to 

2 

3 • p,V ’ 

where 17 is the coefficient of viscosity of the medium, k = 27TjX, 
pQ is the mean density of the medium and V the velocity of the 
wave. Thus the attentuation depends on the viscosity and the 
square of the frequency. The damping for waves in air is very 
small for moderate frequencies, but it rises rapidly with increasing 
frequency. The variations in the range of audibility of sound in 
air must, of course, also depend upon changes of direction of the 
wave due to rellection, total reflection and refraction, etc. These 
will be discussed later. 

So far as water is concerned, the effect of viscosity on the power 
transmission of sound waves is practically negligible, at any rate 
for low-frequency waves. But if the decrease in intensity is cal¬ 
culated on the assumption of the inverse square law, it is found 
that the value obtained is much in excess of the value observed 
by experiment. Hence, it would appear that the falling off is due 
to exponential damping chiefly on account of non-homogeneities 
in the water caused by variations in tem])erature and density. 

Concerning temperature, it has been observed that the range 
in winter is much greater tl»an in summer, and this is what would 
be expected from the behaviour of tiie temperature gradient (see 
p. 77). 

The changes in the density caused by variations in the salt 
content of sea water have little effect in the open sea, but near the 
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mouth of a large river the effect is more noticeable ; also the 
effect of change in density with depth and compressibility is very 
small. It will be obvious, however, that the influence of eddies 
and currents in the water can affect sound signals considerably. Air 
bubbles also may be a serious cause of attentuation in sea water. 


VELOCITY OF SOUND IN SOLIDS 

Since solids are capable of experiencing various kinds of strain, 
there are possibly many forms of waves propagated. Certain it is 
that both longitudinal and transverse waves can be set up in a 
solid on account of the longitudinal elasticity (Young's modulus) 
and the shear elasticity (modulus of rigidity) respectively. If 
the solid is a rod and therefore cjuite free to shrink laterally where 
stretched and to bulge where compressed lengthwise, the velocity 

of the longitudinal wave is given by V = where E is Young’s 
modulus. But if tlie solid is a large mass, in W'hich there is no 
freedom for bulging sideways at places compressed endwise, for 
example, the crust of the earth, the velocity is given by 



where k is the bulk modulus and n the rigidity. 

Calculations based on these expressions show that for a brass 
rod the velocity of sound is about 345,000 cm./sec., or more than 
ten times the velocity in air, while if the brass is an extended 
mass the velocity is about 427,000 cm./sec. 

In connection with the transmission of sound through solids, 
it is interesting to note that the seismic waves w'hich occur in the 
earth are both longitudinal and transverse. At the earth’s sur¬ 
face these two t 3 ^es have velocities of about 7*2 km./sec. and 
4 km., sec. respectively; though, down to a certain depth when the 
\elocities remain constant, there is a more or less iiniform increase 
in \elocit\ with depth. Ihe transmission of “ waves ” caused 
by small explosions in the earth is the basis of a method of de¬ 
tecting oil strata and other features (see p. 78). 


EXPERIMENTAL WORK 

Biot s experiment. Biot made observations of the velocity of 
sound m iron by using 376 cast-iron pipes of a total length of 
about 950 metres. A bell was struck at one end and the sound 
travelled through the iron and the air. Thus the observer at the 
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other end would hear two sounds separated by an interval of 
time (0 which was measured. If L is the length of the tube, V the 
velocity of sound in iron and v the velocity in air, we have 

L L 


whence V--: -. 

L - vt 

The value of the velocity for cast-iron was found to be about 
350,000 cm./sec, 

Kundt’s tube. This is an apparatus designed to measure the 
velocity of sound in gases and in solids. In its most usual form, 
the apparatus consists of a horizontal glass tube about a metre 
long and about 3 cm. in diameter provided with a movable 
piston near one end. Near the other end of the tube is another 
piston attached rigidly to the end of a metal or glass rod which 
is firmly clamped at its middle point. The tube is thoroughly 
dried and then a layer of lycopodium powder is spread inside it 

Ai^ustabk 


along the lower side. When the rod is set into longitudinal 
vibration by stroking it lengthwise, with a resined cloth if the rod 
is metal, the air inside is forced to vibrate. By adjusting the 
position of the movable piston, resonance of the air column is 
/ established, and a stationary wave is produced with nodes and 
antinodes. Hence the powder moves, eventually settling down at 
or near the nodes where the air is least in motion and collecting in 



Dust hoaps in a Kundt’s tube. 




By courtesy of Prof. E. S. da C. Andrade 
Photograph of dust striations. 
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small heaps or ridges at the antinodes. Each piston is approxi¬ 
mately at a node. The position of a node at one end and that 
of a node at the other end are chosen, and the distance between 
the two is measured and divided by the number of loops to get 
the mean distance between the nodes. The wave-length of the 
sound in air is then twice this distance, and the wave-length of 
the sound emitted by the rod is twice the length of the rod, since 
the rod is clamped at its middle point. If the velocity of the sound 
at 0° C. is assumed, the velocity at the temperature of the ex¬ 
periment can be calculated from the relationship 

Vf = FqVi + act. 

Hence the velocity of sound in the rod can be found, for 

I rod “ ^ • ^rod and V ajf = 71 . 

Therefore F„d = Fair • ^ ■ 

'^air 

It should be noted that the presence of the powder introduces a 
small and variable amount of absorption of energy which results 
in a lowering of the observed velocity. If, in the expemient, the 
rod is of glass, the stroking might be done with a cloth moistened 
with alcohol. 

Since ^\od = ^/A^/p^ experiment could be used to find the 
value of Young’s modulus for the rod, and although the strains 
in the rod do not take place under exactly isothermal conditions, 
the difference between the isothermal and adiabatic values of E 
is small, and the value of E obtained should agree closely with 
that found by the usual statical methods. 

The tube can be used to determine the velocity of sound in 
other gases, and for this purpose it is usually provided with a tap 
at each end so that the gas enters by one and drives the air out 
by the other. A later modification of the apparatus for this pur¬ 
pose is that of Behn and Geiger, who used a closed tube of the gas 
under test instead of a solid rod as the source of sound. The dust 
pattern inside the gas tube is compared with that in a tube con- 
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taming air, and as the frequency of the note is the same for both 
air and gas. we have = When the ordinary 

pattern of Kundfs tube is used to determine the velocity in a ga^, 
it is not necessary to liave a stroked rod to excite the gas. The 
excitation can be done by using a loudspeaker attached to a 
valve oscillator at one end, while the other end can be closed. The 
frequency of the oscillator is varied until resonance is set up. 

In 1922 Lang, by using a short steel bar 5 cm. long and exciting 
the vibrations by striking one end, observed the nodes and anti¬ 
nodes in a Kiindt's tube up to a frequency of 50,000 cycles per 
second. The mean velocity of sound in the air contained in the 
tube was found to be 339-3 metres per sec. at 22-8° C. and in the 
steel bar 5,120 metres per sec. approximately. The values of 
velocity at ultrasonic freq\iencies are found to be the same as at 
audible frequencie.s. 

Bubble effect in underwater explosions. Although not con¬ 
nected primarily with the velocity of sound, it is instructive to 
consider briefly the problem of underwater explosions. It has been 
observed that charges exploding underneath ships and sub¬ 
marines are often jnuch more destructive than explosions of 
similar charges in the water at the side or above them, although 
the shock wave from an underwater explosion is the same 
whether the charge explodes above or below the ship. In shallow 
water, this can be understood because there is a strong reflection 
of the blast from the sea-bed which adds to the blow ; but this 
explanation does not hold in deep water. 

The ex])lanation seems to be that when the charge explodes in 
the water, it forms an extremely hot bubble of gas which expands 
at a tremendous rate. Consequently, the water is pushed away 
and accjuires a high momentum. It continues to move outwards 
after the gas has expanded to the degree at which it is in equili¬ 
brium with the pressure in the water before the explosion. Thus 
the gas bubble expands beyond its equilibrium position and 
presently the water wails of the bubble begin to move inwards 
and rush towards each other with enormous speed compressing 
the approximately spherical bubble of gas back again into a 
small bubble. Then there is a sudden reversal, and the bubble 
once more begins to expand a second time with explosive violence. 
A .sequence of photographs of an underwater explosion is shown 
on Plate 1 (facing p. 54). 

The bubble is really an oscillating system, the movement of 
which is relatively slow at the stage of full expansion and very 
fast at the stage of maximum contraction. Three or more ex- 
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pansions and contractions may occur, sending out three or more 
shock-waves, in decreasing order of strength. If the charge 
explodes above a vessel, the bubble oscillates, but it also rises 
through the water. Hence the second and third shock waves will 
occur further and further away, besides being weaker and weaker. 
If the charge explodes under the vessel, the second and third 
shocks from the explosion might be much nearer and so more 
destructive. 



CHAPTER III 


PROPERTIES OF SOUND : REFLECTION 

^troduction. As sound energy is propagated by wave motion, 
it is to be expected tliat it will have certain properties similar to 
light and other forms of radiant energy, although of course the 
medium of transmission is very different. It is important, how¬ 
ever, when considering the properties of sound, to remember that 
the wave-lengths of audible sound, at any rate, are large com¬ 
pared with those of light and heat, and consequently, although 
they may obey the same general laws as light concerning reflec¬ 
tion, refraction and so on, yet there will be differences to be 
noted. 

Beam of sound. It is well known that when light is allowed to 
pass througli a hole in a w'all, a more or less sharply defined beam 
is produced. This is also the case when a projector is used ; hence 
the intensity does not fall off as it would do if the light were 
allowed to spread out. 

It is often desirable to prevent loss of intensity when sound is 
transmitted, and under certain conditions sound energy can also 
be concentrated in a beam. But w'hatever type of energy is con¬ 
cerned, it is necessary that the dimensions of the aperture'throu^h 
which the energy i)asses should be large compared with the wave¬ 
length. Consider a vibrating circular area of diameter AB, the 
dimensions of w'hich are large compared with the w'ave-leno^th of 
the sound emitted. For those points ^ 

along CD, that is, in a beam 
at right angles to the vibrating 
source, the Huyghens w^avelets wfill 
reinforce each other; but at points 
outside this beam, such as X, there 
will be interference due to the effects 
of w avelets from different parts of the 
source with consequent loss in inten¬ 
sity. Hence most of the sound is 
confined w ithin a cone-shaped space 
represented roughly hy A E and BF, 

49 


X E 






50 


ACOUSTICS 


If the wave-length of the sound is decreased, that is, the frequency 
is increased, the beam becomes sharper, w^e if the frequency is 
decreased, the beam spreads out more. 

If the size of AB is decreased to less than a wave-length, there 
will be practically no interference and the energy ^vill be spread 
out. Hence we see that to produce an effective beam the dimen¬ 
sions of any vibrating source, or even a hole in a surface through 
which energy is sent, must be of the order of a considerable num¬ 
ber of wave-lengths. 

To amplify the above. Suppose we have a circular piston 
source of radius r radiating waves of length A. The sound is a 
maximum along the axis of the source, where the disturbances 
from the various points of the vibrating source arrive in the same 
phase. Away from the axis, the intensity is less, diminishing to a 
minimum when the difference in the distance from the nearest and 
farthest points of the source are about A/2, so that the effects of 
each point are neutralised. Still farther away from the axis, 
another maximum occurs, equal in intensity to about 0*017 of 
that along the axis, to be followed by other minima and maxima, 
similar to diffraction rings in optics. 

The angle at which the first silence occurs is found to be 

. , /0-610A\ 

Thus, provided that r is many times the wave-length, the central 
beam of sound will be confined to a small angle. 

When r is not greater than A/4, the intensity is nearly the same 
in all directions, and we have a non-directional source of sound. 
By using a Langevin type of piezo-electric quartz plate, R. W. 
Boyle has shoAvn that the sound distribution in water is in good 
agreement with theory. In one example, r = 7-65 cm., n = 135,000, 

V (water) = 1*5 x 10^ cm./sec. ; hence A = 1-11 cm. and the angle 
of the central beam works out to be 5°. 

Double source. The vibrator just considered is a single source, 
that is, it radiates from one face only, all contributions to the 
disturbance originating at the source being in the .same phase. 
But a vibrating diaphragm suitably mounted in a ring will radiate 
energy from both faces, though such wave.s will be opposite in 
phase, and this type of vibrator is termed a double source. Such 
a source, situated in an open space in air or water, is inaudible 
from any point in its equatorial plane, the maximum sound being 
received at right angles to this plane. 

Also, it is reasonable to expect a double source to be a poor 
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radiator of sound energy, since two wave trains of opposing 
nature are set up ; this is particularly so at low frequencies. 
There are numerous examples of a double source. In all stringed 
instruments, the transverse motion of the vibrating string sets 
up two out-of-phase disturbances originating on opposite%ides 
of the string. A tuning fork is really a double double source, since 
each prong sets up its own pair of disturbances ; the cone of a 
loudspeaker, vibrating freely in air without anv kind of baffle, is 
another example of a double source 

Sources used with mirrors, trumpets, etc. A source used in 
conjunction with a mirror or a trumpet will exhibit directional 
properties only if the dimensions of the mirror are not small com¬ 
pared with the wave-length ; high-frequency sounds give of 
course, better effects than low-frequency. The area of the source 
should also be small, but in this case, if'a large output of sound is 
required, the amplitude must be large, and this militates against 
efficient transmission both in air and water. The use of mfrrors, 
etc., is probably more suited to directional reception of hi^^h- 
frequency sounds rather than to transmission. 

Multiple sources. A number of small ' point " sources in line 
and suitably arranged will have definite directional properties. 

e m equidistant sources all in a straight line and 
identical in phase, amplitude and frequency. It can be sIioavti 
that the resultant amplitude r at any distant point P is given by 


r ~ sm 


mnd 

. cos a 


( Trd 

-y . cos a 


where d is the distance between the sources, each of amplitude 

!/?«, and a is the angle between the line of the sources and P. 

If d = A/2, then 

r = sin . m cos jin sin . cos , 

and this is equal to zero when 


sin ^ . m cos =0, 


.1 . . , fm cos a\ . 

that IS, when f — — j is an integer. 

For example, if there are six sources spread A/2 apart, and if 
we make 


m cos a , _ 

—^— = 1, 2 and 3 m turn. 
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the values of a become 70° 48', 48° 
42' and 0°, giving the direction OP 
of zero amplitude. The primary 
maximum occurs when a—90°, 
and there are secondary maxima 
at a = 60° and 30° approximately. 
The polar distribution from 0 to 
77 is shown in the diagram, the 
value of T being plotted radially. 
If d has other values, some of the 
secondary maxima may approach 
the primary in magnitude. 

It appears then from the above 
that a vertical line of sources 
spaced A/2 apart will give a con¬ 
centration of energy in a hori¬ 
zontal plane at right angles to 
the line of sources. This principle is used in some sound amplifying 
systems. 

REFLECTION OF SOUND 

Reflection of sound may occur under a variety of conditions, 
as we shall see in the succeeding pages, and it can be stated here 
that, in general, it occurs whenever there is a discontinuity of the 
medium. It must also be borne in mind that, with sound waves, 
we have often to deal with wave-lengths comparable with the 
dimensions of reflecting objects, and the phenomena must then 
eventually be regarded primarily as diffraction rather than 
reflection. 

Reflection at a plane surface. When a compression meets a 
rigid surface, it cannot go beyond the surface, but has its direction 
reversed. Thus the wave is reflected, and for regular reflection 
the same law is obeyed as in light, namely, that the angle of 
reflection is equal to the angle of incidence. As each part of the 
spherical wave reaches the surface its direction is reversed ; the 
reflected wave is still spherical with the same curvature, but it is 
travelling away from the surface as though the centre of the 
disturbance were at A\ Hence A' is said to be the acoustic image 
of A. 

If the size of the reflectuig surface is small compared with A, the 
reflection will not be in the form of a beam but wUl be scattered in 
all directions, and, of course, between the two extremes there vill 
be graduations from a well-defined beam to diffuse scattering. In 
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this connection it is interesting to notice that whereas for reflec- 

^ smooth reflecting surface is necessary on account 
o he short \\a\c-lengths, a rough surface can be used for sound 
provided that the variations from planarity are small compared 
with the wave-lengths of the sound waves. 

To demonstrate reflection of sound at a plane surface a source 

of sound such as a Galton whistle may be used, with a sensitive 

flame as a detector. The whistle is put at one end of a cardboard 
or metal tube and the flame at 


one end of another tube, both 
tubes being inclined towards 
the reflecting surface as shown 
in the diagram. The whistle is 
sounded and the surface turned 
until tlie flame shows its maxi¬ 
mum disturbance, thus indicat¬ 
ing that the sound has travelled 
along the lines of the tubes. It 
will be found that the angles of 
incidence and reflection are 
equal. A screen S should be 
arranged to shield the flame 
from the direct sound from the 
whistle. 



I 
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For experimental work in connection with reflection, refraction, 
etc., of sound it is best to use a source of high frequency, and 
besides the Galton whistle, a convenient source is a valve oscilla¬ 
tor. The diagram shows a simple oscillating circuit, due to S. R. 
Humby, which of course can be used with a sensitive flame as 
detector. 



Reflection of plane waves at the boimdary of two media. Al¬ 
though this problem involves the refraction of sound, yet it is 
important to consider what fraction of the original energy is 
reflected when a sound wave reaches the surface of separation of 
two different media. 

If r and a are the amplitudes of the reflected and incident waves 
respectively, Rayleigh showed that the relation between the two 
is given by 

r _ (p.^ cot OA l/p.;, coteA 
a \pi cot dj/\pi cotej' 

where pi and p^ are the densities of the first and second media, and 
01 and 02 are the angles of incidence and refraction. 

If we assume that the law of sines of optical refraction holds 

in this case, we have 

sin 01 _ I’l 
sin 02 r 2 ’ 

where \\ and \\ are the velocities of sound in the two media. 
Therefore the equation above becomes 

p.) 1 1 cos 01 

r Pi To cos 02 

a P 2 I’l cos 01 ’ 

Pi I ti cos Oty 

which is the general expression for any angle of incidence. 


( 1 ) 
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I’LATK I. Sequrncc of pliotojjraplis siiowiii^ tljo oscillatory increase and 
decrease ni tlie s>/.e of the bubble of gas from an underwater explosion 

Ihe time },etween tlie first four pictures is 1 7.30 sec., and between subse- 
cpient pictures 1 250 sec. 
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If the mcident wave is normal to the surface of separation, then 
= ^2 s,nd the equation becomes 


Pl^l 



It will be noticed that in this case the relation between r and a 
depends only on p and V. The product pV is known as the 
radiation impedance or resistance for unit area, and since 

V =^s/k/p, where k is the bulk modulus of elasticity 


pV = ^kp. 

Further, it will be seen that the expression for the value of rla 
does not involve frequency ; therefore, the intensity, which is 
proportional to the square of the amplitude of the reflected beam 
IS independent of the frequency of the source. 

As an example of the above, consider the case of a sound wave 
in air incident normally on the surface of separation between air 
and water. We may take the value of pV for air to be about 40 
and for water 14 x 10^, and from these figures we get r = 0'9994a. 
Thus there is almost complete reflection even at normal incidence. 
The reflection would be zero and the transmission a maximum 
when pi\ I =p 2 l 2 , that is, when the two impedances are equal 

Whenever the product p V for the first medium differs from tliat 
tor the second, there will be both a reflected wave and a trans¬ 
mitted wave. 

Equation ( 2 ) above is a general equation which holds for all 
fluids in general. It ca n, of co urse, be adapted to apply to gases 

only by substituting Jy,plp, for V,, etc. The equation then 
becomes 


r^ Vygpg - r-zyi-yiVo 

® ^rzPi + riPi 72 + ri Fg ■ 

If we take = 72 - as is often the case, the equation reduces to 




or 



V, + To 




Reflection at a plate of finite thickness. This problem is 
analogous to that of optical reflection from a thick plate of glass 

the reflected wave being the resultant of multiple reflections at 
the two boundary surfaces. 
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It can be shown that the amplitude-relation for normal 
incidence is given by : 

: ^ to _ [4 cot^ ^+(^+ 

^ \P2^ 2 1/ t- ^ \P2^2 Pl^lJ f 

where I is the thickness of the plate and A is the wave-length of 
the sound in it. From this equation, it will be seen that the 
reflected amplitude fluctuates between zero and a maximum as 
the thickness of the plate varies. If I is equal to zero or a multiple 
of A/2, the reflected amplitude is zero ; but when I is a multiple of 
A/4 we get maximum reflection. Hence a quarter-wave plate will 
reflect a maximum and will transmit a minimum of incident 
sound energy. 

The relationships for the reflection of plane -waves from flat 
plates have been verified in the case of high-frequency sound¬ 
waves passing through water in which the plate was submerged. 

From the last two sections, it appears that solid media in air 
are practically perfect reflectors of sound, but that in water they 
are relatively good transmitters. Also, an air film in w'ater or in a 
solid constitutes a perfect reflector, w'ith a reversal of phase at 
reflection. These facts are, of course, important in the case of 
sound reception under water. 

Reflection in a closed tube. When sound waves travel through 
a tube, they may be regarded as plane waves. If a tube is closed 
at one end, the previous discussion shows that a compression 
wave started at the open end will be reflected at the closed end. 
Let a compression wave, re])resented by the curve A be incident 
upon a rigid wall P. A pressure is exerted on P ; hence P reacts 
on the air and gives rise to two waves, one to the right of P and 
the other to the left. It will be obvious that these waves are 
opposite in phase. 


P 
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The two waves thus set up by P are represented by the chain- 
curves in the diagram. It will be seen that the wave to the right 
cancels out the continuation of the incident wave (dotted curve) 
to the right. This again is to be expected, since, as the wall is 
rigid, no energy is transmitted through it. The wave to the left 
is the reflected wave, and R is a position of maximum variation of 
pressure. It will be noted in this case that a compression is 
reflected as a compressiony and the resultant effect of the two 
curves is indicated by the thick black line. The diagram, of 
course, only indicates the conditions in the medium at one given 
instant, but other curves can be drawn to show what is happening 
at other times. The equation of the incident wave is 


2 /= a sin 27t 



(see p. 4); 


and the wave to cancel the continuation of this is 


y=-asin2.(l-?). 

The twin wave to this is 

L 

r'^x) • 

and this is the reflected wave. 

Reflection in an open tube. Reflection of a compression wave 
can also take place at the end of an open tube, because there is a 
discontinuity of the medium owing to pressure changes. When a 
compression wave reaches the end of the tube, expansion takes 
place in all directions, and the tendency of the open end is to 
destroy the excess pressure in the compression. Let .4 be the 
curve for a compression wave travelling along the tube and 
reaching the open end at P, The tendency always is to bring 
pressure to normal, the air moving to the right of P when a com¬ 
pression arrives and to the left when a rarefaction arrives. Thus 


= a sin 27t f 


P 
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a condition is set up at P whereby some of the energy emerges to 
the right of P and is transmitted, and some is reflected. In the 
diagram the chain-curve to the right of P partly neutralises the 
continuation of the incident wave (dotted curve) but not com¬ 
pletely o'wing to the transmission, and the twin wave to this is the 
reflected wave moving to the left. These waves are in phase 
with each other at P, for a movement of air outwards from P 
causes a rarefaction to start in both directions ; and conversely, a 
movement inwards starts compressions. Thus in this case a 
compression is refected as a rarefactioHy and vice versa. 

The equation of the incident wave is 

y =a sin 2?? 

and the wave to cancel partly the continuation of this outwards is 

, . ^ (t X 

y=-a 

Note the change in amplitude. 

The reflected wave is 

L 

These equations and those in the previous section will be 
referred to again in dealing with steady vibrations or the so-called 
stationarv waves. 

4 

Reflection at a change of area in a tube. When a sound wave 
travelling through a tube comes to an abrupt change in the cross- 
sectional area, part of the energy Avill be transmitted and part 
reflecteil. Here again there is a discontinuity of the medium on 
account of tlie change in the area. It can be shown by reasoning 
beyond the scope of this book that the ratio of the reflected in¬ 
tensity to the incident intensity is given b}^ 

U.+Aj ’ 

where and Ag are the two 
areas of cross-section, and 
as this value is independent 
of the sign of A 2 -A 1 , the 
result is the same for either 
direction of the wave. 



y = -a' sin 2?? 
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When A 2 ^A^, that is, the sound is passing from smaller to 

larger cross-section, the incident and reflected waves are opposite 

in phase, thus corresponding to the passage of sound from a dense 

to a rare medium. If A^KA^, the two waves are in the same 

phase, corresponding with transition from a rare to a dense 

medium. The change in phase is always either zero (when <S^) 

or 7T (when S 2 <S^). If there is of course no reflection at 

all. The transmitted wave is always in phase with the incident 
wave. 

Selective reflection at a plane surface. It is interesting to 
examine more fully the effect at a point of a plane wave reflected 
from a plane surface. To do this, consider the effect at a point P 
on the axis of a circular plate ABC which is vibrating so that all 
points of it are in the same phase. The resultant effect at P will 


A 



B 


be due to the superposition of the effects from each point of the 
plate. Consider the central part of the plate, the circle shaded in 
the diagram, to have a radius such that the path difference 
between PD and PC is small comparerl with the wave-length of 
the sound emitted. Now draw a series of concentric circles with 
centre C of such radii as will ensure that each annulus has the 
same area as the central circle ; this will be the case when the 
radii are in the ratio of the square roots of the natural numbers. 

It is clear that the effect produced at P by each annulus of the 
vibrating plate will differ in phase and in amplitude, though we 
may assume for the moment that the amplitudes are equal 
Therefore to obtain the resultant effect at P, we can draw a 
vector diagram (see p. 60). The effective amplitude at P due to 
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the central circle is represented 
by Pa, and the effect due to the 
first annulus is represented by 
ab. Thus the resultant effect 
due to both is given by Pb. 
Similarly, we can consider the 
effect due to all the annuli, and 
we shall eventually reach an 
annulus such that the path 
difference between its distance 
from P and the distance PC is 
exactly A/2. This is represented 
by ef, and the resultant effect at 
P, represented b}' P/, will be a 
maximum. After this stage is 
reached, the resultant decreases 


as further annuli are considered, and becomes a minimum when 


the path difference is A. It is clear that, as the area of the plate 


is increased, there will be 


a succession of maxima and minima. 


which depend on the frequency of the sound. 

Hence, we conclude that for a given frequency there is an 
optimum size of reflector to give maximum effect; and con¬ 
versely, a reflector of definite size will produce a maximum effect 
for one definite frequency. 

In connection with a vibrating plate, it is instructive to con¬ 
sider what happens when such a diaphragm is put in close 
proximity to a plane reflecting surface. If the source is at 0, very 
near the plane surface AB, the direct sound travelling to the 
right of 0 will be reinforced by that reflected from the wall, 
equivalent, as we have seen, to the sound from the acoustic 
image These two sounds are in tlie same phase, and as 0 and 
Oj are separated by a distance small compared with 
A, we have the equivalent of two equal sources ^ 
radiating energy to the right of 0. Hence, the total 
energy radiated is twice that radiated without the 
reflected surface. Such a reflector is called a baffle 
plate, and is found in some forms of loudspeakers, 
etc.; the principle is also used in connection with the Oi* *0 
canopy arranged over the head of a speaker in the 
open air. 

It should be noted that if the source is in a dense 
medium and the reflector is the boundary between 
this and a much rarer medium, the opposite effect is ® 
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produced and much less energy is radiated. This is because the 

sound from 0 and that from its acoustic image are now opposite 
in phase. 

Sound shadows. In order to obtain sound shadows comparable 
to those produced in optics, it is essential that the surface to cast 
the shadows should be large compared with the wave-length of 
the sound. The ticks of a watch contain some components of 
high frequency, and so are effectively screened by a relatively 
small surface, but a man's voice requires a larger screen. In these 
two cases the wave-lengths are of the order of a few inches and 
several feet respectively ; hence the linear dimensions of the 
reflecting screens must be in the same i)roportion to obtain the 
same degree of screening. It is interesting to notice that behind 
the screen the sound appears to have changed in quality, the high- 
frequency sounds being screened more perfectly tha^i those of 

lower frequency ; in this way the screen can be regarded as it 
sound filter. 

Reflection at a curved surface. When a compression wave 

meets a curved surface, reflection occurs as in the optical case, and 

the reflected wave has not the same curvature as the incident 

wave, the exact form depending on the curvature of the surface 

which may be spherical or parabolic or any other shape. If a 

parabolic reflector is used, the reflected waVe is plane when the 

source is put at the principal focus. Conversely, when a plane 

wave strikes such a " mirror ”, it is reflected so that the sound 

energy is directed towards the focus, similar to the parallel case 
in optics. 

The above effect of a parabolic 
reflector requires, however, a certain 
qualification, concerning both optics and 
sound. More careful study has shown 
that the reflected wave in optics does 
not come to a focus at a mathematical 
point, but at a region which has the 
dimensions of the order of a single 
wave-length. Sound behaves in a 
similar way, and on account of the 
relatively long length of the sound 
waves, it will be realised that sound 
focusing is very rough compared with 
the case of light ; high-frequency 
sounds are, of course, much more 
sharply focused than low ones. 
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Reflection of sound by a parabolic mirror can be demonstrated 
in the following way. A watch, the ticks of which contain some 
sounds of high frequency, is put at the focus of a parabolic 
reflector. The .plane waves emitted are allowed to fall on the 
second parabolic reflector, the axis of which is coincident with 
that of the first. The waves are then reflected and become 
spherical, and the energy is brought a^iproxiiuately to the focus 
Fr,. If a funnel is held in this neighbourhood, and an india- 
rubber tube from it is brought to the ear E, the ticking of the 
watch may be heard. 

Whispering gallery effects. The well-known Whispering Gallery 
at St. Paul's Cathedral, London, owes its peculiar acoustical 
properties to the reflection of sound by the walls, though perhaps 
the exact mode of action is still not fully understood. Lord Ray¬ 
leigh pointed out that the sound tends to crcej) round the inside 
of a curved wall without ever getting very far from it; also that 
the abnormal loudness with which a whisper is heard is not con¬ 
fined to the position diametrically o])posite to that occupied by 
the whisperer, and therefore, it would a])])ear, does not depend 
materially on the symmetry of the dome. Whispering is generally 
heard more distinctly than ordinary conversation, and in this 
connection it is significant that whispers contain a higher pro¬ 
portion of high-pitched sounds than ordinary speech. 

Rayleigh further suggested that the propagation of earthquake 
disturbances is probably affected by the curvature of the earth 
acting like a whispering gallery. It is also possible that sounds 
travelling long distances in the sea are dependent on a similar 
action and on repeated reflection at the surface and the bottom. 

ECHOES 

A common result of the reflection of sound is the production of 
echoes. If a person makes a short sharp sound in front of a 
suitable reflecting surface, the reflected sound may be heard as a 
definite and separate sound by the listener after a certain time 
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inter\ al, this constituting the echo of the original sound. The 
human ear is unable to distinguish separate sounds unless the 
time interval between the two is about ^ second. Hence to 
produce an echo which can be detected by the ear, the reflecting 
suriace must be a minimum distance from the listener, this 
depending on the velocity of sound. For example, if the veiocitv 
of sound is taken as 1,100 ft. per sec., the minimum distance 
works out to be 55 ft. ; of course, the greater the distance, the 
bigger the time difference between the two sounds which reach 
the listener. If the time difference is less than sec., the reflected 
sound merges with the original sound and gives rise to reverbera¬ 
tion. Both real echoes and reverberation are of great importance 
in connection with the acoustics of buildings and will be referred 
to again in Chapter XIII. 

It will be obvious that the phenomenon of echoes affords a 
quick and moderately accurate method of finding the velocity of 
sound in air if the distance between the source and reflecting sur¬ 
face is known, also the time interval between the detection of the 
original sound and its echo. 

Echoes may be classified under various headings. We have 
already mentioned the single echo and the overlapping echo 
namely reverberation. Another type is the multiple echo which 
IS due to a number of successive reflections, and of course very 
eclme/^'^*^"^^^^ '’everberation is caused by overlapping multiple 


Sometimes an echo is cau.scd by the scattering of the sound by 
many small objects, this type being called a diffuse echo. Two 
other types will bo mentioned in greater detail. 

Harmonic echo. If a sound has a comple.x wave-form the 
overtones, which are of higher frequencies than the fundamental 
will be scattered or diffusely reflected more than the fundamental.’ 
oince the amplitude of the scattered sound varies inversely as 
and the intensity varies inversely as A', an observer near the 
source will hear the returning echo to be raised in pitch by perhaps 
one or two octaves, depending on the nature of the original sound. 

Musical echo. When a sharp .sound is made near one end of a 
row of palings, the resulting echo takes the form of a musical note 
I he succe.ssive ])alings each reflect the sound or perhaps the hi-rher 
overtones, and the listener receives a succession of reflections 
which, if sufficiently rajiid, will give a note of a definite pitch’ 
depending on the s])acing of the palings and the position of the 
observer. For example, if S.f is the path difference between the 
successive ref.jctors and the Itstener, and bt is the time interval 
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between the sounds heard, then ht = 2BxlV. Therefore, the 
frequency of the note \vi\\ approximate to T^/2Sx. If Sx is taken 
as 4 in. and T’ = 1,100 ft. per sec., the frequency will be about 
1,650 cycles per sec., which is quite a high-pitched note. 

The row of palings may be regarded as an echelon structure, 
and it can serve as the equivalent of a grating by which complex 
high-frequency sounds can be analysed. 

PRACTICAL APPLICATIONS OF THE ECHO PRINCIPLE 

Apart from the utilisation of echoes for the determination of 
the velocity of sound, the principle has been increasingly applied 
in recent years to practical problems in various spheres of activity. 
In 1912, after the sinking of the liner Titanic by collision with an 
iceberg, a British engineer named Richardson suggested that ice¬ 
bergs might be detected by the echo of a pulse of sound waves 
emitted from the approaching ship. It was recognised that high- 
frequency waves, which can be readily “ beamed like a search¬ 
light, are nece.ssary in order to secure precise definition of the 
direction of the berg, and in 1914 the only known practical method 
of ])ro{lucing such ultrasonics was from oscillators made of mica 
and cau.sed to vibrate bv electrical stresses. Great strides have, 

V 

of course, been made in this direction since then, and the method 
has been applied with success in the detection of icebergs. It 
must be remembered that since a ])ortion of the berg is above the 
water-line, a more modern method of detection is by the use of 
Radar, which, however, cannot be employed for the detection of 
objects totally .submerged. Therefore, for locating such objects, 
ranging from under-water mines to whales and shoals of fish and 
.submarines, the echo method is invaluable. This problem will be 
more fully dealt with in Chapter XII. There are also other 
examples in which the principle of the echo is j)rominent, and 
two will be considered here. 

Ultrasonic flaw detector. Most kno^\Tl materials will transmit 
ultrasonic waves a millimetre or less in length over a useful range 
in distance, and this opens up the prospect of detecting flaws in the 
interior of bodies opaque to light. One method which of course 
has previously been used is by X-rays, on account of their high 
penetrative power, and the gamma rays from the pin head of a 
“ radium bomb '' can penetrate steel 8 inches thick, forming a 
picture on an X-ray film to show any flaw in the metal. When 
comparing X-rays with the ultrasonic waves, it must be re¬ 
membered that the former are not refracted or reflected appreci- 
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ably from the boundary of a solid or liquid medium, whereas the 
latter are generally reflected and refracted heavily. This very 
behaviour of ultrasonic waves really presents a difficulty in the 
detection of flaws, since even at normal incidence the energy due 
to transmission from the transmitter to the receiver may be 
small in comparison with the energy which has suffered multiple 
reflections between the parallel surfaces of the sheet of metal. 
As a result, a flaw which would otherwise be capable of detection 
is completely obscmed by the multiple reflections. 

In the method devised and developed by Messrs. Henry Hughes 
and Son, Ltd., Ilford, London, the difficulty is overcome by send¬ 
ing out a train of waves so short that it occupies a space less than 
the distance between the boundaries of the medium being 
investigated. Also the transmitted and reflected wave trains 
are shown on a cathode ray tube in such a Avay that they do not 
interfere, and it is possible to <letect a very small echo even thomdi 
it may be followed by reflections containing much more ener^. 
This effect is secured by employing an electronic triggering sys¬ 
tem which iirst sets the catliode-ray time base in operation, so 
starting the spot on its way across the screen, and then a very 
short time later causes a short transmission to be sent out. The 
echo and tlie subsecpient reflections cause a transverse deflection 
of the spot, and the result is an oscillogram of the sort shown in 
Plate 2 facing p. 55. The transmi-ssion time mark on the left is 
due to electro-magnetic induction effects accompanying trans¬ 
mission and picked up b 3 ’- the receiver amplifier. 

The transmitter and receiver are composed of similar crystals 
of quartz, each 2 cm. in diameter, approximately 01 cm. thick, 
with a natural frequency of 2-5 mega-cycles. The transmitter is 



Aj-rangement of receiver and transmitter 
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mounted on a steel wedge, and this directs the beam of ultrasonic 
energy into those regions of the specimen which are to be tested 
for flaws. The receiver is also tilted by a similar wedge to make 
it sensitive to the reflected energy. It should be noted that the 
maximum beam intensity is on a line perpendicular to the line 
of the quartz and the maximum receiver sensitivity is along the 
same line. Intensity falls off each side of this maximum at a very 
slow rate for a few degrees, and then much more rapidly, so that 
it is zero at perhaps 8® off the axis on either side. At greater 
angles from the axis there are a number of other maxima and 
minima (see p. 52), but it is the main beam which is the im¬ 
portant one in searching for slight flaws. It is clear then that the 
maximum echo will be received from a given flaw if it is located on 
the intersection of the axes of the transmitter and receiving 
systems. Therefore, if it is desired to detect an echo from a different 
distance, it vill be necessary to alter the separation of the wedges, 
or alternatively, to use wedges which incline the beam axis at a 
different angle. 

The equipment briefly described above "was designed to detect 
flaws within a region of approximately \ in. from the surface to 
12 ft. from the surface, and between these limits useful results 
liave been achieved. The nature of the surface has a profound 
effect on the clarity of the indication obtained (Plate 2, facing 
]), 55). Using a sound sample of steel and applying the trans¬ 
mitter and receiver to the rough side, merely oiled, gives the 
indication contained in o.scillogram (u). This should be compared 
with (6), which is the oscillogram for the same sample but using a 
smooth oiled surface : in these two cases there is bottom echo only. 
Oscillograms (r) and (d) are for a sample ^\^th a Haw, and here 
again the smooth oiled surface (d) indicates the flaw more clearly 
than the rough (c). Oscillogram (e) for a badly flawed sample is 
interesting sii^ce there is practically no bottom echo. 

It has l)een found that the use of an amalgam instead of oil 
very much minimises the effect of the rough surface. Oscillo¬ 
grams if) and ig) were obtained using a tin amalgam on the same 
surface as that employed for (a) and (c). 

Flaws can be detected in samples with curved surfaces by the 
use of special adaptors. 

Ultrasonic cries of bats. It i.s well known how cleverly bats can 
avoid obstacles while Hsing in complete darkness, and much 
investigation has been undertaken to find the cause of this skill of 
manoeuvre. The pioneer of these investigations is Prof. H. 
Hartridge, formerly of St. Bartholomews Hospital Medical 
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College, London, who, in 1920, advanced the hypothesis that 
during flight bats emit a short wave-length note, and that this 
sound is reflected to the bat from objects in the vicinity. This 
hypothesis is now generally accepted as correct, and much more 
investigation into the nature and origin of such ultrasonic sounds 
has been made by Prof. Hartridge, and also by Dr. R. Galambos 
and Dr. D. Griffin in the United States, by Dijkgraaf and others. 
The whole problem is of interest chiefly to students of Avild life 
and of the science of flight, but it is mentioned in this book on 
account of the acoustic principles involved. 

It seems certain that a bat produces different kinds of sounds, 
either through the nose or the mouth. This point does not yet 
appear to be agreed upon, but according to Dr. Griffin the origin 
of the sound emitted by the bats he experimented on is the mouth. 
In 1950 it was confirmed experimentally by F. P. Mochres that 
certain kinds of bats do employ the nasal apparatus rather than 
the moutli for sound emission. Prof. Hartridge states that there 
are four of these sounds ; (1) a buzz whicli is not audible unless the 
listener is quite close to the animal, (2) a signalling tone of about 
7,000 c.p.s. which is probably used for sending messages to 
neighbouring bats ; (3) the ultrasonic tone which probably has a 
frequency of about 50,000 c.p.s. and which is used for the task 
of “ echo-location ” as Dr. Griffin has termed it, and (I) a click 
which is usually audible anywhere in a small room. Dr. Griffin 
pointed out in 1942 that the ultrasonic pulse and the click 
always occur simultaneously, the buzz being merely the rapid 
repetition of the click at rates as high as 60 per second. In 1945 
the same investigator further tentatively suggested that the 
audible click results from the abrupt starting or stopping of the 
ultrasonic pulse. He obtained accurate pictures of the actual 
sound Avaves prc.sent in the bat’s pulse by photograpliing the 
record of the bat s cry obtained on a cathode-ray oscillograph 
(see Plates 3 and 4, facing pp. 70 and 71). Although Dr. Griffin 
suggested that further analysis of the records Avould be necessary 
to come to a definite conclusion, the picture seems to indicate that 
no low-frequency Avaves are recorded, and al.so that the duration 
of the pulse is only about 0-001 second. Dr. Griffin has pursued 
his inA'estigations, and some of his findings Avere published in 
1950 and 1951, these relating chiefly to the common little broAvn 
bat. A brief summary of the conclusions reached concerning the 
acoustical properties of the ultrasonic pulses is as folIoAvs. 

Duration of pulse. ^lost of the oscillograph records shoAv a 
duration of less than tAA'o milliseconds. The exact duration 
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indicated by any particular photograph depends upon what Dr. 
Griffin calls the intensity resolution—the ratio of peak amplitude 
to the lowest amplitude which can be resolved from the baseline 
or background noise. 

Intensity. The sound pressures developed by bats' ultrasonic 
cries are surprisingly high, at least when measured ^vithin 5 to 10 
cm. of the animal’s mouth. The average sound pressure measured 
is about 60 dynes per sq. cm., whereas the pressure of the noise 
of a pneumatic drill is about 2 to 3 dynes per sq. cm., though it 
must be emphasised in the latter case that the distance involved 
may be a few feet. With such a high intensity, it is understand¬ 
able how bats can hear the echoes of the pulses even after they 
have been returned from very small objects at some distance. 

Harmonics. Many of the photographs of bat ultrasonic pulses 
show harmonics, which are usually sho\\Ti as bright spots or lines 
along the rising or fEilling parts of the individual sound waves, 
and it appears that the higher frequency is not an exact multiple 
of the fundamental. 

Frequency. A very striking fact found from analysis of typical 
ultrasonic pulses is that the frequency is not constant ; it under¬ 
goes a sort of frequency modulation throughout the duration of 
the pulse. The highest frequencies are found at the beginning of 
a pulse, and a typical case is where the initial frequency is 
74 kc. and the end 43 kc., a drop of almost an octave. The highest 
frequency recorded to date is 120 kc. 

Low-frequency components. Recent photographs show low- 
amplitude waves of about 10 kc. which seem to have roughly the 
amplitude required to account for the audible click. The low- 
frequency components appear in front of the ultrasonic pulse, 
and a problem yet to be decided is whether the components are 
an unavoidable accompaniment of the ultrasonic pulse. 

Acoustic location of insect prey by hats. The ultrasonic sounds 
emitted by bats have recently (1951) been analysed while the 
animals were flying under natural conditions, and it has been 
found that when flying through small caves and when leaving 
roosts in buildings, bats emit pulses virtually identical to those 
previously described and measured in the laboratory. This 
suggests that bats appear to search actively for their insect prey 
by the same process of echo-location ” previously shown to be 
the basis of obstacle avoidance. 

The student who desires further information in this interesting 
subject should consult the original papers of the investigators 
named above, or study the articles that have appeared in }sature. 



CHAPTER IV 

MORE PROPERTIES OF SOUND 


REFRACTION 

When plane waves of sound cross the bounding surface between 

two different media, the direction of propagation is changed in 

accordance with the sine law as in optics, and we have the 
relationship 

sin Fj 

where and 02 are the angles of incidence and refraction respec¬ 
tively and \\ and are the corresponding velocities of sound in 
the two media. Hence rays are bent towards or away from the 
normal according as the velocity in the first medium is greater or 
less than that in the second. 

In the diagram, the case when \\ is greater than is illus¬ 
trated and the refracted rays are bent towards the normal. AB is 
the wave-front of the incident wave and CE that of the refracted 
wave. The reflection which occurs at the boundary is repre¬ 
sented by the dotted portion, and CD is the wave-front of the 
reflected wave. 
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Sondhauss in 1852 demonstrated refraction of sound through 
prisms containing various gases, and determined the value of /x 
(the refractive index) relative to air. He also demonstrated the 
focusing action of a convex lens of carbon dioxide enclosed in a 
thin envelope of collodion. The refraction of sound in gases can 
be conveniently demonstrated by constructing a lens-shaped 
vessel such as an india-rubber balloon with a gas which is denser 
than air, say carbon dioxide (a). The source of sound can be a 
ticking watch, and if this is arranged on one side of the lens, it 
will be found that the sound is brought to a focus at E. Thus this 
lens is the counterpart to a converging lens in optics. If the gas 
is less dense than air, say hydrogen or coal gas, the resulting lens 
is of the divergent kind and no focusing is obtained (6). 

Total reflection. As in the case of optics, there is an angle of 
incidence for which the reflection which occurs at the boundary 
of two media is total and no energy is transmitted. This critical 
angle is given by the relationship 


To prove this, we may put = in the equation 

sin 6^ I'j 

sinT, ^ ‘ 

The relationship can also be derived from the equation given on 
p. 54 concerning the ratio between the reflected and incident 
amplitudes, namely ; 

p.y cot Oe) 

r p^ cot 
a p.> cot do 
p^ cot 
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'Pile photographs for Plates .4 and 4 were kindly pro\ ided by Dr. D. H. 
(iritlin, of Coriudl l.*ni\'t*rsity. I'.S.A. Th(‘ top one in Plate 4, wliich seems 
to indicate that no low-fr<>(|ueney waves are recorded, was an early photo- 
<;rap)j. Tlie lower one in Plate 4 wliich definitely shows the presence of 
low-amplitude and low-frequency waves at the bejrinning of the pulse, and 
the one in Plate 4 are much more recent. 
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For total reflection to occur, 0., must be zero and the value of 
cot 6., , 

c-^ty; 


Now 


cot do 
_ *0 

cot 01 


cos 02 
sin So 

_ m 

cos 0j 
sin 01 


sin 01 cos 02 
sin 02 ‘ cos 01 


/l-sin2 0 
^ cos2 0i 

But from the law of refraction, 


sin 0, 


sin 0. 



, . 9 sin^ 0, 

1 - sin^ 0., X — ^ ^ 

_- sin^0i 


cos^ 0. 

J 


sin 01 I'l 

sin 0., Vo' 


cot 0 

rhis ratio will be imaginarv if 


cot 01 “ (’2 V cos- 01 


• o ^'1 

sm 0i>Td . 

f n 


Hence the critical angle = 0^ = sm-M'i/r 2 . 


Also, since 


we have 


^ ^ gaseous media 

Sc = sin * y!^ approximately. 


Since I ^ for air may be taken as 1.100 ft. per see. and ] \for water 
4./b0 ft. per sec., the value of the critical angle from ai'r to water 
IS 131° apiiroximately, and above this angle no sound wliatever 
can enter the water ; (it was shown on p. ri', that even at normal 
incidence the rellected amplitude is 0-99943 of the ineident 
amp itudc). From air to solid materials (such as brass, glass, etc ) 

approximately; whence the criticar amde is 

In coimection with the above, it is of interest to notice what 
happens when a plane wave of sound is incident from (Irtf air on 
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to a fog bank or cloud in which the density is roughly 1 per cent 
less than that of dry air. If the incidence is normal we may cal¬ 
culate the reflection-incidence ratio from the equation 


^ (seep. 55), 


and we shall find that the amount reflected is exceedingly small. 
But here we have excluded the possibility of total reflection which 

may occur. Now, since 0<. = sin”^ ‘Jpilpi taking the values of 
p 2 and Pi to be 0-99 and 1-00 respectively we find that the value 
of the critical angle is about 84°. Therefore, although reflection 
is small at angles near normal incidence, it is, at any rate, possible 
for total reflection to occur ; and when it does it will certainly 
change the direction of the sound. 

Speaking tube. The boundary of a speaking tube always con¬ 
sists of material in which the velocity of sound is greater than in 
air ; consequently, total reflection will occur unless the sound 
strikes the surface nearly normally. Thus there is very little loss 
in intensity, for the only way in which energy can be lost is by 
friction between the moving air and the tube. The sounding 
board sometimes placed over a pulpit in a church acts in a similar 
way. The sound is prevented from spreading out in an upward 
direction, so that the whole of the energy is given out in an 
approximately horizontal direction. The falling off in intensity is 
then more nearly inversely as the distance than as the square of 
the distance. 

Amount of energy transmitted. If we consider the relationship 
between r and a for normal incidence, namely 



we see that if pj \\ = P 212 > there is no reflected wave and the energy 
is transmitted. If we take the more general case of oblique 
incidence, then, for an angle such that 


cot ft, P 2 
cot @1 pj ^ 

we also have no reflected beam. Let us find the condition for 
to exist. We have 
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_ cos^ / sin^ 6i - sin- 6.^ \ 
sin^ \cos2 ^2 - cos- dj 

Vsin^ / 
sin- gj /cos- ^2 \ 

sin^ ^cos^ / 


sin^ 
sin^ 6 



IV 

TV 


-1 


cot2 02 sin^ 0j\ /V TV 


cot2 0j sin2 02/ W ^V 


Tn order then that such an angle a ( 9^ may exist, it is necessary 

that/) 2 //Ji> TV/TV>1 orthat/) 2 //>i<T\/TV<l : that is, that VJV^ 
is intermediate in value between 1 and p 2 'Pv 

The amount of energy transmitted under ordinary conditions 
can be increased by using a suitably constructed apparatus in the 
form of a stethoscope with a very thin air chamber, and it can be 
shown that if A 2 lAj^ is the ratio of the cross-section of the stetho¬ 
scope tube to that of the air chamber, the transmission ratio is 
equal to 


where -R 2 =P-J ’2 -^i =PiT\, the specific acoustic resistances of 

the two media. It is obvious that this is equal to unity if 

'^2^1 “^2/^1- 

If some intervening medium is used between the air chamber 
of the stethoscope and a second medium, say water, the transmis¬ 
sion ratio will be unity if the medium has a specific acoustic 
resistance which is the geometric mean between the values for 
air and water, and if the thickness of the medium is one-quarter 
of the wave-length of the sound in the medium. These conditions 
obviously mean that the arrangement is highly selective as far as 
transmission is concerned, and it would be of little advantage 
where a broad range of frequencies is used. It is interesting to 
note in this connection that if the intervening medium is rubber, 
the first condition given above is approximately fulfilled. 
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ATMOSPHERIC REFRACTION 

The refraction of sound in a single medium like the atmosphere 
can take place in two ways, namely, by the effect of wind, and by 
the effect of temperature variations from place to place. 

Effect of wind. It is Avell known that sounds are much more 
easily audible to a person on the ground when they are coming 
with the wind than when they come against it. 



When a ^vind is blowing, the air near the ground is slowed down 
by friction at the surface ; hence the wave fronts are distorted. 
Consider a source of sound S near the ground. If there is no ^vind 
the successive portions of a wave-front would be a series of 
hemispheres as shown in diagram (u). But if there is a wind 
blowing, the tops of the waves move more rapidly than the lower 
parts. '^Hence the wave-fronts are no longer spherical, but are 
distorted as indicated in (6). Since the direction of propagation 
at any particular point on a wave-front is at right angles to the 
wave-front, it will be seen that the sound rays (indicated by the 
dotted lines) travelling in the direction of the wind, bend do^ra- 
wards and those travelling against the wind bend upwards. 
Hence a listener on the ground to the right of S would hear the 
sound much better than if he were to the left, where it is possible 
he mic^ht not hear the sound at all. 
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Gener^ c^e. The general case of refraction by the wind when 
sound is incident on the boundary between two regions wliere the 
wind velocity is different \vi\\ now be briefly discussed. It must 
be borne in mind, however, that the condition of a definite 
bounding line between the two regions is most improbable in 
practice. 

Let AB be the boundary of two adjacent regions of air, in the 
lower of which the wind velocity is t\ and in the upper in which 
it is Vo in the direction indicated. Suppose that v.^ is greater than 
Let CD be the wave-front of a plane wave which has just 
reached the boundary at C\ making an angle with the boundary. 



The direction of i)ropagation is represented by P(\ and on account 
of the motion of the medium this is not normal to tiie wave-front. 
If there were no Avind, the direction in the lower region would be 
DQ normal to CD. But on account of the wind, is dis])laced 
to DR, and RQIDQ = i\l\\ V being the velocity of sound in air. 
If the time taken for the sound to travel from to R is /, then 

. BQ QR 


In the same time the upper medium moves through the distance 
CL’ and so far as the sound is concerned, the position of the 
wave is therefore the same as if it had originated at E. In time t 
the disturbance originally at C is at F, where EF ^ 17. Hence 
the new Avave-front is FR, making .^0., Avith AB, aiul EF is the 
new direction of propagation. The relation betAveen and 0. is 
found as folloAvs : 
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ER CQ-\-QR 
EF ~ Vt 

ER 
'** EF' 


-CE CQ V 1 -V 2 

CQ - Vj 
' Vt V ’ 

V, - 


or sec do - sec 6-^ = — : 

since DQ = Vt. If the values are such that 


r, -V, 


sec 


we have sec 02 < 1 > which is impossible. 

Therefore in such a case there must be total reflection and the 

value of the critical angle is 02 = sec“^ 1. 

From the discussion in this section, it should be easy to under¬ 
stand why sound in air ^vill often pass more readily in one direction 
between two points than in the other ; also why it is so ach 
vantageous to put such things as bells and chimes in an elevated 

position. 

Effect of temperature variation. As sound travels more rapidly 
in warm air than in cold, refraction takes place in the atmosphere 
wherever it is not at a uniform temperature. Consider the case, 
which often happens on a still day in summer, when the ground 
is warmer than the upper atmosphere. Let AA be the position 
of the wave-front at any moment of a sound emitted at S. The 
disturbance started at a position P near the ground will travel a 
distance x in the same time as a disturbance from Q travels a 
shorter distance y. K we draw the Huyghens wavelets, we see 
that the resulting wave-front is represented by the curve 5, ana 
it is tilted backwards so that its direction has been altered ; it is 
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Coof air 



(b) 


no longer travelling parallel to the ground. The next stage is C, 
and the wave-front is still more tilted. Hence, in this case the 
sound tends to pass upwards into the upper air, and a listener at 
L ^\■ill probably not hear much. This is an example of a positive 
temperature gradient. It often happens, however, that the 
temperature gradient is a negative one, in which the coldest air is 
nearest the ground. Such a condition is likely to obtain on a 
summer evening in temperate regions, and then the wave-fronts 
are tilted so that the sound tends to pa.ss downwards towards the 
ground ; hence audibility at ground level is better on a summer 
evening than during the day. The diagrams given above indicate 
in a simple way how the sound is refracted in botli cases. 

It must be emi)hasizcd that atmospheric refraction is much 
more complicatetl than is suggested in the above treatment, for 
the boundary between the different refracting media is not in 
practice a straight line ; in fact, it may vary from minute to 
minute. Also both wind and temperature variations probably 
occur simultaneously. 

Refraction in water. We mentioned on p. 43 that the range of 
transmission of sound in water is influenced by the presence^of a 
temperature gradient, and in the light of our knowledge of 
temperature gradients now, this is cpiite understandable. 

In summer the surface water is warmer than the lower depths 
and the waves bend downwards. Hence this must decrease the 
range, especially in very deej) water, though in shallow water a 
certain amount of reflection may take place at the bottom. 

In winter the temperature gradient is much less marked and 
may even be reversed. Hence the waves are bent ui)wards to¬ 
wards the surface where they are perhaps reflected down again, 
only to rise once more, thereby extending the range. There is no 
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doubt that surface and bottom reflections play an important 
part in the long-range transmission of sound in the sea. 

In 1920 Lichte and Barkhausen noted a change in the range 
from 10 km. in summer to 20 kra. in winter in the Baltic Sea, 

Submarine geology. In recent years various methods have been 
developed for finding out the form, constitution and structure of 
the rocks hidden beneath the sea, and to obtain such information 
about the rocks which are deep below the bottom of the sea the 
most promising method appears to be the seismic method. In 
this method, charges of explosive are detonated on the sea- 
bottom, and the waves produced are recorded by seismographs 
also placed on the bottom. The waves travel in all directions, and 



Hard Rock 


from the time taken for them to travel a known distance, their 
velocity may be found and some indication of the rock through 
which they have travelled obtained. Reflections of waves from 
the interfaces between hard and soft rock may also be observed. 
If a layer of a soft rock in which the velocity of the waves is 
relatively slow overlies a hard rock in which the velocity is high, 
it is possible for a wave to travel down to the hard rock, along in 
it and up again in a shorter time tlian it can traverse the direct 
path through the soft rock. It is on the observation of such 
refracted waves that the work done at sea depends. 

INTERFERENCE 

The passage of sound-waves through a medium is not affected 
by tlie passage of other sound-waves through the same part of the 
medium ; this principle, known as the Priticiple of Superposition, 
was first propounded by Huyghens in dealing with light-waves. 

It is found that under certain conditions two trains of sound¬ 
waves may, at certain points in the medium, neutralise each 
other's effects and produce silence where previously there was a 
definite sound due to either of the trains of waves. In such a 
case, where the observed sound-distribution is not foimd to be 
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Diagram of interference pattern set up in water by two trains of waves 


equal to tlie sum of the separate train of waves, the latter are 
said to have interfered with each other, and the ])lienomenon is 
described as mterference. W'hen this phenomenon does occur 
the resultant eilect at each jioint in the medium is tlie algebraic 
sum of the eilects of the two waves. 

Interference can take place, of course, with other forms of 
energy besides sound, jirovided such energy is jiropa^ated bv 
wave-motion It is well known that it can take place in water and 
also m liglit, though in tiie latter case it is imiierative that the two 
trams of waves should have their origin in the same source 

Ihe accompanying diagram indicates in a general way what 
hapiiens when two different wave-trains arc starteir simul¬ 
taneously in water. The plain circles represent the crests of the 
waves and the dotted ones the troughs. Wliere two ]dain circles 
cros^s, It IS clear that two crests come together, and the result is 
that a larger crest is formed. Similarly, where two dottctl circles 
cross, a larger trough is formed. Where a plain circle crosses a 
dotted one. a cre.st is neutralised by a trough and the surface of the 
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w^r is level at these places ; this 
occurs in the unshaded portions of the 
diagram. 

Let A and B be two sources emitting 
sound-waves of the same amplitude and 
frequency. At any point P the two 
waves will reinforce each other if they 
are in phase, and a listener will hear a 
sound of twice the amplitude. If, how¬ 
ever, the two waves differ in phase by 
A/2, or, in general, by (2w-hl)A/2, where n is any integer, the 
displacements due to each set of waves are equal and opposite, 
and P will be in a position of silence. 

For interference between the two waves to occur, the following 

conditions must be fulfilled : 

(i) The frequencies of the waves must be the same, otherwise 
any difference in phase at any particular point would not be 
maintained. 

(ii) The amplitudes must be the same, for if they are not, the 
positions in w'hich the phase difference is {2n + l)A/2 will not be 
positions where the resultant displacement is zero. 

(iii) The displacements should be collinear. 

Quincke’s tube. The phenomenon of interference can be used 
to find the wave-length of a high-frequency sound with the aid of 
Quincke's tube. This consists essentially of two tubes, A and By 
about 3 cm. in diameter and bent as shovTi in the diagram. The 
effective length of tube A may be altered by the sliding tube at 
the end. The source of sound, say, a Galton whistle, is put near 
the opening C, and the detector, which may be a sensitive 
flame, is arranged at the opposite opening D. The sound-waves 
from C may travel to D via the paths CAD or CBD. If these are 
equal, the Iwo sets of waves will be in phase when they reach D 
and the flame w'ill be violently disturbed. If, however, the path 
CAD is altered by moving the sliding tube, a position will be 


yGd/ton whi5t/e 



^ Sensitive flame 
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reached when the phase difference at D is A/2. When this occurs, 
the flame will not be disturbed and the sliding tube will have been 
moved through a distance A/4, which can be measured by means 
of the scale attached. When the tube is moved through a dis¬ 
tance A/2, the path difference will be A so that the waves at D will 
be in phase again. Proceeding in this way, a series of readings 
can be taken and a mean value of A/2 obUined, so that if the 
velocity is knoAra the frequency can be determined. 

Interference with a tuning fork. Interference in sound waves 
may Toe demonstrated very 
simply with a vibrating tuning 
fork. When the prongs move 
outwards, they cause a com¬ 
pression to be sent out in the 
directions 0.4 and OR, and 
simultaneously a rarefaction in 
the directions OC and OD ; on 
moving inwards they send out 
a rarefaction in the directions 
OA and OB and a compression 
in the directions OC and OD. 

Hence the two sets of waves 
are always in opposite phases, and may be represented by the 
circles in the diagram. Along the directions OR, OR, 00, OH, 

the compressions of one set of Avaves 
and the rarefactions of the other Avill 
almost exactly coincide, and there Avill 
be nearly silence. Thus, if a vibrating 
fork is sloAvly rotated on its stem as 
(a) axis, alternations of loudness and 

softness Anil be heard, four of each 
occurring in a complete rotation. 

The effect can be more readily shoAAm 
by using a resonance tube. The tube is 
adjusted for resonance, and it Avill then 
be found that if the fork is held in the 
position (a) or (6) in the diagram a loud 
sound is heard, but if it is held in 
position (c) no sound can be detected. 

Stationary waves. A very important 
example of interference is seen when 
two waves of equal amplitude and 
frequency travel through a medium in 
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opposite directions. This occurs, for example, when a sound 
wave is propagated through a pipe and is then reflected at the 
other end. The forward incident wave and the returning 
reflected wave interfere with each other. 

Simple physical treatment. In diagram (a) let the sine curve 
represent the forward w'ave travelling to the right with velocity v 
and incident on the reflecting surface P. The reflected wave 
travelling to the left with the same velocity and of the same 
amplitude and frequency is represented by the dotted curve. 
These two waves interfere with each other, and the resultant 



effect i.s represented by the thick black curve. Now’ an iiistant 
later, diagram {b), the two waves have moved from A to B and 
from .1 to C (diagram b), and as the velocities are equal, AB-AC ; 
al.so as the amplitudes are equal, AD = AE. It will be seen that 
the combination of the two waves will still produce zero amplitude 
at points A, A' etc. ; and these positions will be fixed because 
AD and AE will always be equal. Hence the medium is set into 
a steady vibration, with fixed positions of zero amplitude (nodes), 
and fixed positions of maximum amplitude (antinodes). These 
steady vibrations are the so-called stationary waves, though they 
are not really waves at all, since a wave motion is essentially a 
phenomenon in which some state of disturbance travels from one 
place to another. 


STATIONARY WAVES 
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Mathematical treatment. The equation of the forward incident 
wave is 

. ^ (i x\ 


sin-TT , 


T A 


and that of the reflected wave is 


y„ = a sin + • 


The resultant is the sura of these two. 

Hence ?/ - + y, = a sin 277 j + a sin 27 t ^ 

= '2a sin 2?? ~ . cos 277 ^ , 

j A 

It will be noticed that this expression has no term of the charac¬ 
ter 

{'" t) {j’ ~ I) ’ 

hence there can be no moveraent as in an ordinary wave-motion 
and the above equation characterises a steady vibration. 

At any given position in the medium, the particle executes a 
vibration of 


sin 277 — 


with an amplitude 


2ri cos 277 -- , 

A 


where x can be taken as the distance of the position from the 
point of reflection. If x = 0, A/2, A, etc., 


cos 277 - = 1. 
A 


Therefore at the.se points there is a maximum amplitude equal 
to 2a. If a:=A/4, etc., the amplitude is zero, and at these points 
there is no movement of the medium. 

The above treatment is satisfactory in the case of a closed 
pipe, wliere the amplitudes of the two waves are equal. But it 
becomes a little more complicated for an open pipe, because only 
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part of the incident wave is reflected and the rest transmitted; 
hence the two waves involved have different amplitudes. 

The incident wave is represented by 


= a sin 27t 



as before, and the reflected wave by 


y^ = - a' sin 2it 



The first equation can be written 


= [a - o') sin 27t 



+ a' sin 27r 



and combining the two equations, we have : 


2/ = 2/i+2/2 
= (a-a') sin 2tt 

-(a - o') sin 2tt 
The term 


-?)+«' sin 2^ (I - - a' sin 2. +1) 


o / • o ^ o ^ 

^ 1 - 2a sin 2tt - . cos 2tt ^ . 


(a - o') sin 2tt 




represents the emerging or transmitted part of the incident wave, 
and it is of course the resultant of the incident wave and the 
emerging twin wave. For the incident wave is represented by 


j/i=asin 277 


and the twin wave by y^ = o' sin 2tt 



The term 



2 / = !/ i + 2/2 = («-<^0 sin 277 




2a' sin 27 t -r . cos 

A 



represents the steady vibration or stationary wave. 

Therefore, in the case of an open tube, we may consider that 
there is a progressive wave travelling along it, superimposed upon 
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the st^dy vibration, and that this progressive wave emerges at 
the end of the tube. 

Cheshire's disc. To illustrate a stationary longitudinal wave 
an apparatus known as Cheshire's disc may be used. A small 
circle ARC is drawn on a piece of cardboard, and the circum- 
terence IS divided into twelve equal parts. Perpendiculars are 
chopped from these points upon the diameter AC, and the feet of 
these perpendiculars are taken successively as the centres of 
circles of gradually increasing radius. A is the first centre, then 
the next point to A, and so on until C is reached, and the diameter 
then retraversed until A is reached. On covering up all but a 
strip EF , and rotating the disc, the lines will vibrate longitudin¬ 
ally, iV, N, N being nodes and A, A antinodes. It ^\ill be seen 
that the lines move from both sides towards a node for half a 
vibration, and away from it for the other half. 



Cheshire’s Disc 
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Beats. Interference may take place between two sounds even 
though they may not be of the same frequency; in this case 
the condition at any fixed point in the medium does not remain 
constant but is continually changing. At one moment the com¬ 
pressions from both sounds arrive at the point simultaneously, 
as do the rarefactions ; hence there is great disturbance at the 
point. A short time later, however, the more rapidly vibrating 
object is half a vibration ahead of the other, and the compression 
from one will arrive at the same time as the rarefactions from the 
other, thus producing a minimum of sound. Thus a throbbing or 
pulsating efect is produced and the phenomenon is known as 
beats. 

On a large scale, the effect can often be noticed w'hen a twin- 
engined aeroplane is flying in the neighbourhood ; in the labora¬ 
tory, beats may be produced by obtaining tw'o tuning forks of 
the same frequency and slightly reducing the frequency of one of 
them by attaching to one ])rong a small piece of wax. On sound¬ 
ing the two forks, beats w'ill be distinctly heard, the effect being 
more pronounced if the two forks are fixed on resonating boxes. 

In the diagram the two dotted curves represent two sets of 
waves emitted by two sources, for example, two forks of slightly 
different frequencies. The thick continuous line represents the 
resultant sound, obtained by adding algebraically the displace¬ 
ments in the tw'O waves. At first, the tw'o waves are in step and 
reinforce each other, but they gradually get more and more out of 
step until they practically cancel each other out. Then they get 
more in step, until they are once more together and reinforce each 
other. The resultant curve therefore represents the alternations in 
loudness and softness which periodically occur. It will be noticed 
that since a maximum occurs every time that one source has 
gained a complete vibration on the other, the number of maxima 
])er second is equal to the difference between the two frequencies. 
Hence if two forks of frequencies 256 and 254 respectively are 
sounded together, two beats per second will be heard. 
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This can be sho^\Ti as follows. Suppose the two components 
have equal amplitudes but slightly different frequencies, m and n, 
so that m-n is small, and further suppose that when first ob¬ 
served they are in the same phase. The resultant amplitude at 
this moment is twice that of either component. After a time 
1 /n sec. the component of frequency n has completed one 
vibration, and the other component of frequency m has made min 
vibrations. Hence the latter is (m - n)/w vibrations ahead of the 
former, and after n/(?« -n) such intervals the two Mill be separ¬ 
ated by 

m-n n 

-X- , 

n m - n 

or one complete vibration, and they will be in phase again, 
reinforcing one another. 

The time interval between these reinforcements is 

« 1 1 

-X - =- sec., 

m - n n m - n 

so there will be (/« - n) reinforcements per sec. ; that is, the num¬ 
ber of beats per second is equal to the difference of the frequencies. 
The resultant motion is still harmonic, but with the amplitude 
varying from zero to twice that of either component. 

It is left as an exercise for the mathematical student to obtain 
the same result by considering the equations representing the two 
harmonic motions and finding their resultant. The equations 
concerned are =a sin {p^t -(Ji-i') and = a sin where 

p =2-7711 or 2-77 IT and 5 = 277 /A. 

Beats, therefore, provide a very .sensitive means of determining 
whether two notes are in tune or not, and this test is used by 
tuners of pianos and organs. Heats arc used for the production 
of certain effects in organs. In the vox-humana and vox-angelica 
stops, two i)ipes having nearly the same frequency are used. The 
beating between the two gives the tremulous effect which is in¬ 
tended to imitate the human voice. Organ builders sometimes 
utilise beat-notes to obtain the low notes of an organ where space 
is limited. Two Ifi-foot j>ipes tuned to sound a ffth, give the 
effect of a single 32-foot pipe. 

An apparatus sometimes used to detect dangerous gases in 
mines depends on the idienomenon of beats. It consists of two 
small and exactly similar pipes carried about and blown together, 


G 
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one by pure air from a reservoir and the other by air from the 
mine. So long as the air is pure, the pipes remain in tone ; but 
when “ fire-damp ” is present, the air becomes less dense, with a 
consequent variation in the velocity of sound, and the pitch of the 
note emitted by the pipe is slightly altered. Thus beats are pro¬ 
duced, and can be heard long before the mine air is bad enough 
to be dangerous ; the method is very sensitive. 

Discords in music are due to beats. When less frequent than 
about 10 per second, beats can be distinguished separately, but 
when more frequent than this they give rise to a discord ; this 
■will be referred to again in Chapter VII. 

Zones of silence. The sound from a big explosion travels a 
great distance, but it has been noticed that whereas the noise has 
been heard near the scene of the explosion and also at places far 



distant, yet there are places between these two where the sound 
has not been heard at all ; this area of silence is kno^\'n as the 
silent zone. There may even be several silent zones between 
successive places in the same direction from the source. 

The cause of such areas of silence may be traced to metero- 
logical conditions of wind and temperature, though a theory was 
developed by Wiechert in 1926 suggesting that there is a reflecting 
layer some 50 km. above the earth's surface (analogous to the 
Heaviside layer in radio-wave transmission), and the direct 
incident wave and the reflected wave interfere with each other. 
This explanation does not seem to be generally accepted, and the 
most probable single explanation seems to be found in the 
reversal of the temperature gradient which occurs in the strato¬ 
sphere, where temperatures may be of the same order as those at 
the surface. Such a state of affairs would be effective in producing 
the necessary bending of the wave-fronts to account both for the 
zone of silence and also the distant audible zone, aa indicated m 

the diagram. . c 

The above is probably only a partial explanation or tne 

phenomenon, since the presence of a wind is bound to affect the 
path taken by the sound. 
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In connection with the temperature in the stratosphere referred 
to above, it is of interest to note that such temperatures are 
believed to be maintained by tlie absorption of the solar energy 
by the ozone layers. 

In certain cases, zones of silence are due to the interference 
between sound-waves reaching the listener by different paths. 
Tyndall observed such zones when listening on a ship to the sound 
of a fog signal on a neighbouring cliff, and they are ascribed to the 
interference between the direct sound and that reflected from the 
surface of the sea. If these paths dififer by an odd multiple of A/2, 
the two trains of waves neutralise each other and no sound is 
heard. 

Wood and Young in 1921 observed interference zones under 
water, and such effects are of considerable importance in the case 
of long-distance transmission in the sea. 

DIFFRACTION 

When refraction occurs, it is necessary to have two different 
media, but the direction of sound can be altered even though the 
energy is travelling in one uniform medium. Indeed, if it were 
not so, we should all be at a great disadvantage, for it would be 
impossible to hear sounds when the source is screened. For 
example, we can hear the sound of approaching traffic round a 
corner, and again, if two men are standing on opposite sides of a 
fairly high wall, they can talk to each other. The sound waves 
emitted by the speaker spread out over the top of the wall and 
reach the other man : hence the sound shadow and the geometric 
shadow are not coincident. 

This spreading of waves round the edge of an obstacle is known 
as diffraction, and it can be 
explained, as in liglit, by the 
application of the principle of 
Huyghens’ secondary wavelets 
and the mutual interference 
between them. If S is a source 
of sound, the successive wave- 
fronts can be represented by 
the circles such as A, B, etc., 
these being the envelopes of the 
wavelets. When the wave- 
front reaches the edge X of the 
obstacle X Y, there will be a 
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geometrical shadow represented by the shaded portion ; but 
some of the energy will get inside this shadow' because the inter¬ 
ference between the secondary w'avelets is not now complete. If 
the effect at any point in the geometrical shadow is to be com¬ 
puted, due allowance must be made for the contribution of each 
surface element of the w'ave-front to the amplitude at the point 
under consideration, and the estimation of this amplitude will 
involve the use of FresneFs “ half-wave zones 

It is worth recording here that the rectilinear propagation of 
energy which travels in a w'ave-motion really depends on the 
destructive interference within the geometrical shadow of the 
secondary w'avelets originating from the wave-front. That the 
destruction in light is as complete as it is depends on the shortness 
of the wave-length compared w'ith the size of the obstacle, and it 
can be shown that the longer the wave-length the more likely is 
diffraction to occur. In sound, as the wave-lengths are longer, it 
requires a very big obstacle to screen the sound effectively. 

In the case of a straight edge as the obstacle, there is a fluctua¬ 
tion of intensity outside the geometrical shadow w'hich soon settles 
down to the normal full intensity as the distance from the edge 
increases. Inside the geometrical shadow the intensity steadily 
falls off from one-quarter its normal value at the edge to zero at 

some distance inside. 

Zone plates. If circles are drawm on a plane reflector with 
radii r^, etc. so that = nXd, where « = 1,2, 3, etc.; and d is the 
distance of the centre 0 from a point F on the axis normal to the 
reflector, then these circles will divide the surface into Fresnel’s 
half-wave zones. The armular zones thus formed are of equal 
area, and if alternate zones are cut away a plane sound-wave 
falling on the surface and passing through the annular openings 
will a^rrive in phase at P, resulting in a considerable increase of 

intensity at the point. Such a surface 
is known as a zone plate and it has focus- 
iiig powers like a convex lens of focal 
length r^'^nX, being the radius of 
the wth zone. 

A zone plate suitable for experimental 
work can be made by cutting a series 
of annuli out of a large sheet of card¬ 
board. The radii of the circles should 
be in the ratio 1 ; ^'2 : etc., so that 

the area of the middle disc >4 is equal 
to the areas of the portions B, C, etc. 




ZONE PLATE 


91 


Source 



Zone 

|p/ote 


a 


4 - 


Detector 

-X 


4 


The whole plate can be suspended by tapes from the outer sheet 
so that any zone may be removed at will. 

A valve oscillator as source and a sensitive flame as detector 
are set up on the bench, and the zone plate ^vith the central disc 
removed is placed between them. The zone plate is then moved 
until a position is found when the flame roars. It can be shown 
that if the distances of the source and the detector from the zone 
plate are a and 6 respectively, the flame will respond when 

1/a + 1/fo =n . A/2, 


where n is a whole number. If the second zone B is now removed, 
leaving everj^hing else undisturbed, the flame becomes silent, 
showing that the disturbances due to adjacent zones neutralise 
each other. If the third zone is also removed, the flame responds 
once again, wdiile if the second zone is now replaced, the flame is 
still further affected, showing that disturbances from alternate 
zones assist one another. 


Using a circular piece of cardboard, say 12 in. radius, a similar 
experiment can be carried out to show the diffraction effects 
caused by such an obstacle, and the positions of the various 
maximum and minimum intensities established. The .series of 
experiments described above certainly show.s that ])recautions to 
eliminate diffraction effects as far as possible should be taken in all 
experiments on refractioii of sound. 

Diffraction gratings. We have already referred (p. b-l) to the 
fact that an echelon structure such as a row of palings can act as a 
sound “ diffraction grating ", for the reflected waves may assist 
or neutralise each other in certain directions, depending on the 
wave-length of the incident sound and the spacing of the reflec¬ 
tors. The diffracted waves have maxima in directions 6 given by 


sin 6 = - nXjd, 


where d is the distance between the successive reflectors, and 
?i = 1, 2, 3, etc. Wlien d is smaller than A, there are no diffracted 
waves, and the incident beam is reflected in the ordinary way. 
Thus sounds of moderate fre(|uency are reflected, and little sound 
is returned to the source except at normal incidence. But high- 
frequency sounds, where X<d, arc thrown back in all directions, 



ACOUSTICS 


92 

causing reinforcement in certain directions and neutralisation in 
others. 

In 1907 Altberg demonstrated a grating by means of glass rods 
1 cm. apart, using a concave reflector to produce plane waves 
incident on the grating ; the sound was produced by means of a 
high-frequency spark. A second concave mirror received the 
diffracted sound and brought it to a focus at a sensitive detector, 
and the sound spectrum was obtained by the rotation of the 
grating wdth respect to the source and the receiver. Wave- 
lencrths of the order of 0*2 mm. were measured in this way. 

w 
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VIBRATIONS OF STRINGS AND RODS 

Strings and rods can both vibrate in two distinct ways, namely, 
transversely and longitudinally. In the case of a string we must 
assume that it is perfectly flexible, though of course in practice 
any string \vill possess a certain amount of rigidity. If, however, 
the length of the string is great compared with the thickness, the 
effects of rigidity are very small ami can be disregarded. 

We shall first consider transverse vibrations in strings and rods, 
and then proceed to a consideration of longitudinal vibrations. 

TRANSVERSE VIBRATIONS IN STRINGS 

Before we can deduce the juodes of vibration of a stretched 
string, it is necessary to know the velocity with which a displace¬ 
ment wave travels along the string, and also the manner in which 

stationary waves are produced in the string when reflection takes 
place. 

Velocity of propagation. Suppose that a perfectly flexible 
string of mass m per unit length is stretched by a force of T units. 
To deduce the velocity of ])ropagation of a wave started in the 
string, we shall use the method originated by Tait. He imagined 
that the string is passed through a smooth tube with a velocity F, 
and the tube is straight except for the isolated portion which 
represents the wave in the string. The tension in the string gives 
rise to a force tending to straighten the tube and the string ; this 
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is opposed by the centrifugal force due to the velocity V. Con¬ 
sider a portion AB of the string and let its length be 1. The result¬ 
ant force due to the two tensions is represented by BB, which is 
equal to 2DF sin a/2 or 2T sin a/2. If a is small, this expression 
can be witten Ta, and, as a^ljEy where R is the radius of curva¬ 
ture, we have the resultant force due to tension is equal to 



Now the centrifugal force due to a mass ml {m being the mass per 
unit length) moving with velocity V is mlV^jR. 


whence 



Hence the velocity of propagation of a transverse wave in a string 
depends only on the tension of the string and the mass per unit 
length, and is quite independent of the wave-length. 



Reflection of waves in strings. When a point in the middle of a 
string is given a simple harmonic motion, waves will start in both 
directions from the point, just as waves spread out in all directions 
when a stone is thrown into a pond of water. In the diagram, the 
wave travelling to the right of the disturbance is regarded as in 
the positive direction of x, and the one to the left as in the nega¬ 
tive direction. The equation of the former wave is 


y — a sin 27t 






and that of the wave travelling to the left is 


y = a sin 2Tr 


T xr 
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When x=0, both equations reduce to the form 

y=a sm 277-. 

Now, when the waves in a stretched string reach a point at 
which the string is clamped, reflection occiu*s, and so a reflected 
wave is produced. To understand this, refer to the diagram, 



which depicts a string clamped at P and a wave travelling alont^ 
the string towards P. If the clamp were absent, P would execute 
a simple harmonic motion, but this is prevented and the clamp 
exerts a simple harmonic force upon the string. Therefore from 
the last paragraph we see that two waves are set up at P, travel¬ 
ling in opposite directions. Since the resultant motion of all 
points to the right of P is zero, the wave started at P and moving 
to the right must be exactly equal and opposite to the continua¬ 
tion of the incident wave beyond P. The wave started at P 
which travels to tlie left is the reflected wave, and the phase of 
this wave is always such that the resultant displacement of P 
due to the incident and reflected waves is zero. In diagram (6) 
the various waves are shown. The incident wave is represented 
by the firm line ; its continuation past the j)oint P is given by 
the dotted line and the refh'cted wave started at P is shown bv 
the chain line. 

The e(|uation of the incident wave is 


y = (i sin 277 




» 
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Since the continuation of this wave is cancelled out, the wave 
started at P and moving to the right must be represented by 


- o sin 27 t 



The companion wave to this moving to the left, which is the 
reflected wave, is represented by 


- a sin 277 



Stationary waves in strings. In the above discussion, it will be 
noticed that, when a string is fixed at one end, we have an 
incident wave and a reflected wave of the same frequency. Hence 
interference occurs and the two sets of waves give rise to a state 
of steady vibration, the so-called stationary waves. The diagram 
shows the state of the string during one whole period of vibration, 
at quarter period intervals. In each case the firm lines represent 
the forward incident wave, and the dotted line the reflected wave, 
while the resultant is shown by the thick black line, and this, of 
course, is the actual shape of the vibrating string. It will be 
noticed that at certain points such as C, E, etc., there is no 
movement of the string ; these positions are the nodes. At 
points B, D, etc., there is maximum disturbance and these are 
the antinodes. The wave-length is equal to the distance between 
alternate nodes or alternate antinodes. 
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Any segment of the string such as AC, CE, etc., vibrates from 

side to side, and on account of the rapidity of motion the observer 

sees the length of the wire divided into loops. Each part of the 

string executes a simple harmonic motion, and opposite segments 

are in opposite phases, although all points of any segment are in 
the same phase. 

Mathematical treatment. The equation of the incident wave is 


yi=a sin 27 t 



and that of the reflected wave is 


2/0 = - a sin 'Itt 
Therefore, the resultant is 



y=yi + yi=a sin 




-a sin 2 ;r 


= - 2 a sin 277 ? cos 277 ^ . 

A I 



Hence, each point on the string executes a simple harmonic 
motion of amplitude equal to 


“ 2 a sin 277 



If f = 0, the equation becomes 



- 2 a sin 



and this gives the shape of the string at this instant. When 
A/2, A, etc., the amplitude is zero and these positions are the 
nodes. When a: = A/4, 3A/4, etc., the ainjilitude is 2a (or - 2a) and 
these are the antinodes. 

String fixed at both ends. Iri acoustics Ave are chiefly concerned 
with a string which is fixed at both ends. If a simple harmonic 
motion is started in such a string, the waves travel to hotli ends, 
are reflected to the opposite ends and are again reflected, return¬ 
ing to the original point after having travelled twice the length 
of the string. If these waves are exactly in phase (when they 
reach the point of the disturbance) with the disturbance then 
being produced, the waves will be reinforced and the process will 
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be continued with increasing amplitude. Thus the wave has 
travelled twice the length of the string, and for the simplest type 
of vibration, that is, when the string vibrates in one segment, the 
interval of time is that required for one complete vibration. 

Hence, we have 2/ = A, and since F = nA = VT/m (p. 94), we 
may -UTite 

1 If 

21 ^ m 

The note emitted by the vibrating string under the above con¬ 
ditions is the fundamental note. But the string may and does 
vibrate in different modes at the same time as the fundamental 
note is sounding. For example, the string also vibrates in two 
segments, in which case the frequency is given by 

1 If 

and the resulting note is the octave above the fundamental. 
There are many possible frequencies of vibration for a string, the 
frequencies being proportional to the numbers 1, 2, 3, 4, etc. 
The notes resulting from the frequencies after the fundamental 
are termed overtones. In the case of a stretched string, the 
frequencies form a harmonic series {see p. 159), and for this reason 
the overtones are sometimes called harmonics. But it must not 
be thought that the overtones produced by all musical instni- 
ments are harmonics ; for example, the first overtone of a tumng 
fork has a frequency of about 6*25 times that of the fundamental. 

It should be noted that when the thickness of a stretched 
string becomes appreciable in relation to the length, the stiffness 
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may have a perceptible effect on the frequency, this effect be¬ 
coming more and more important the greater the number of 
loops. For greater accuracy the equation 


must be modified to 


21 


m 


v; 


• 9 

where r is the radius of the wire and E the modulus of elasticity. 

The laws concerning the period of vibration of a stretched 
string were discovered experimentally by Mersenne in 1C3(), but 
it is to Bernoulli that we owe the mathematical solution of the 
problem. Mersenne's laws may be stated as follows : 

(1) For a given string and a given tension, tlie time of vibration 
varies as the length. This fundamental ])rincii)le of the sono¬ 
meter appears to have been understood by the ancients, for 
Aristotle “ knew that a ])ii)e or a cord of double length produced 
a sound of which the vibrations occupied a double time ; anti that 
the properties of concords depended on the ])roi)ortions of the 
times occupied by the vibrations of the separate sounds. ' 

(2) When the length of the string is given, the time varies 
inversely as the square root of the tension. 

(3) Strings of the same length and tension vibrate in times 
which are proportional to the s(iuare roots of the linear density 

If it can be assumed that the ])eriod of vibration of a string 
depends only on length, mass ])er unit length and tension, the 
relation between the.se (juantities can be obtained by the method 
of dimensions. 

Let i {periodic time) =k . where k is a number. Dimen¬ 

sions of/ = (7’), of/ = (/.), of m = (!//. '). of 7’ = (J////’-2). 

(T) = k{Lr X X 

= k{LY-y - X (!/)*'>- X (7’) 

Comparing both sides, wo get x ~ ij z = i), 2 /+c =0 and -2z = l. 
From which, c = - .1, = J., r = 1. 

Hence (^k{lnY‘^T ‘2), 

or, expressing it in the more usual form. 


iin 


> 11 r »•« 

' = « V 

The only thing left uruhdennined is of course the value of k. 
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It must be noted that in using this method of dimensions, we 
have assumed only, and not proved, that there is a definite 
periodic time depending on no other quantities than those above 
mentioned ; for example, we have not proved that t is inde¬ 
pendent of the amplitude of vibration, though of course we know 
both from experiment and theory that it is. It is important that 
the student should realise the limitations of the method of 
dimensions, as well a-s the fact that with proper care the method 
can be of great value. 


EXPERIMENTAL WORK 


Sonometer. The sonometer, with w^hich the student will be 
familiar, affords a convenient method of proving the validity of 

1 If 

the relationship n--^.y — , 

Tfh 


(fl) To show that n oc-y, a suitable load should be attached to the 

end of the string, and the movable bridge moved until, on pluck¬ 
ing the string, the note emitted is in unison with that given by a 
tuning fork of known frequency, say 256. iMeasure the length of 
the wire. Now repeat the experiment with different forks, and 
measure the corresponding lengths in each case. A graph should 
now' be plotted of log n against log ?, and if a straight line results 
the relationship is true. 

(6) A direct or an indirect method can be used to verify that 
nozJT. In the direct method, the length of vibrating string is 
kept constant (though not necessarily the whole length of the 
string) throughout the experiment. A suitable load should be 
put at the end of the string, so that the note emitted by the string 
is in unison with that of a tuning fork whose frequency is known ; 
measure the load. Another fork of different frequency should 
now be used and w'eights added to the load until there is again 
unison. The experiment should be repeated with other forks, 
and the corresponding weights noted. On plotting a graph of 
log n against log T, a straight line of slope J should result if the 
refationship is true. For indirect methods the student should 
refer to text-books on Practical Physics. 



, tw'o w'ires may be used on the sono- 


(c) To verify that noc 
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meter, one tuned to the frequency of a suitable fork ; this may 
be regarded as a standard wire. Apply a suitable tension to the 
second wire and find the length for unison between the two 
wires. Now replace the second wire by another one stretched 
with the same load, and find the length for unison ^\dth the 
standard wire. Repeat for several wires of different diameters or 
different material, and in each case find the mass (m) per unit 
length. Now plot log I against log m. If the relationship is true, 
the resulting graph should be a straight line, the slope of which 
is -1. 

The non-musical ear has a certain difficulty in deciding Avhen 
two notes are in unison. In such a case, two methods may be 
used to indicate when the tuning is correct. 

(i) By using the phenomenon of beats. The sonometer wire 
can be adjusted in length or tension so that beats can be distinctly 
heard when the wire and tuning fork are sounding together. 
Further adjustments are now made so that the beats get slower and 
slower. When they can no longer be distinguished, the two notes 
may be regarded as being in unison. 

(ii) A small paper rider is placed on the middle of the string to 
be tuned. When the tuning fork is sounding and its stem resting 
on the sonometer board, the rider will flutter if the tuning is 
approximately correct, and Avhen the tuning is exact, it will be 
thrown off. Thus, by altering the length of the wire so as to 
produce this effect, the wire may be correctly tuned. For success 
in this method, it is important that the rider should be small, and 
lightly placed on the middle of the string where the amplitude is 
greatest. Further, it should be noted that a shorter length of 
string Avill have a smaller amplitude than a longer length for a 
given tension. 

Velocity of transverse waves in stretched strings. The sono¬ 
meter may be used to find the velocity of a transverse wave in a 


'ft 


string. We know that V = nX = J-. Therefore, if we can find 

the wave-length and the frequency of the note emitted by a 
vibrating string, we can find the value of V. Put a suitable load 
at the end of the string so that the note produced when the strim^ 
is set vibrating is in unison with a tuning fork of known frequenc^ 
The string will sound its fundamental note and the wave-length 
will be equal to '21. Hence the velocity can be determined, and 
this can be checked by the application of the relationship 
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An alternative method is as foOows. Fix a long piece of 
ordinary string or cord to a hook at one end of the laboratory and 
pass it over a pulley arranged at the other end ; suspend a suit¬ 
able mass (M) from the free end. Near each end the string should 
pass over the edges of wooden bridges, which can be ordinary 
wooden metre scales. Strike the string sharply near one of the 
bridges. A pulse travels along the string and on reaching the 
other bridge it is reflected with a change of displacement. If the 
original displacement is do^\'nwards the reflected displacement is 
upwards. Reflection occurs again when the disturbance reaches 
the opposite bridge, and a pulse vrith a downward displacement 
passes towards the pulley, and so on. If a point near the bridge 
at the fixed end is observed, it will be seen to move do^vn and then 
up again every time the pulse returns to the fixed end. The inter¬ 
val between the beginnings of successive upward movements of 
the point is the time in which the disturbance travels twice the 
length of the string between the bridges. The amplitude of the 
disturbance will of course decrease continuously, but it should be 
possible to count a satisfactory number of displacements. 

The time t between a displacement and the nth following dis¬ 
placement, which is the time occupied by n double journeys, is 
found by means of a stop watch, and the length I of the string 
between the bridges is measured. The velocity of the wave is 
then given by T' = 2n/j7. The tension, given by Mg if we neglect 
the small effect due to sagging, should be calculated, and m 
should also be found. The velocity can then be obtained from 

Melde’s experiment. A very effective method of demonstrating 
the vibrations of strings is by Melde's experiment. For the pur¬ 
pose an electrically driven tuning fork should be used. In this, 
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the fork is clamped to a stand and is provided with a short metal 
bar A having a platinum contact which touches a similar one at B. 
^ electric cell C is connected to the stand and then through the 
fork to R is connected to the coil of a small electro-magnet D 
situated between the prongs of the fork, and the other end of the 
coil IS connected to the cell. When contact is made at B, the 
electrical circuit is closed and the magnet pulls the prongs 
together slightly, thus breaking the contact at B and so opening 
the circuit. The prongs now move apart and contact is again 
made at B and the process is repeated. Thus the prongs receive 
impulses which bring them nearer together at regular intervals 
detennined by the frequency of the fork, and the fork is main¬ 
tained in continuous vibration. 

To perform Melde's experiment, place the fork so that the 
motion of the prongs is in the direction perpendicular to the 
string as indicated in the diagram. Attach one end of the thread 
to one prong of the fork, and the other end to a pan passing over a 
pulley which can be clamped in position at the end of the bench. 
Excite the fork and load the pan until the string is vibrating in 
one loop, that is, in its fundamental mode. The length may be 
adjusted as well as the tension in order to get this condition. 



Now, keeping the length the same, reduce the tension sufficiently 
to obtain first two loops, then three loops, and so on, each tinie 
finding the value of the tension corresponding with each of the 
modes of vibration. Tabulate the results as under : 


Tension (T) 

Ko. of loops 

A 

A2 


1 




2 




3 




H 
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Measure the distance between the first well-defined node on the 
right of the string and the last on the left. Let this be dy and sup¬ 
pose there are n loops between them ; then X — 2dln. 

Now in the experiment, a disturb ance travels along the string 

with a velocity V given by V = JTIm. When the string is 
vibrating in its fundamental mode, there is a node at each end 
and an antinode in the middle, and the wave-length is twice the 
length of the string. We have 




Therefore, if T is plotted against A^, the graph should be a straight 
line, since both n and m are constant, thus proving that woe 7^* 



The experiment should be repeated, only this time arrange the 
fork so that the motion of the prongs is in the direction along the 
string. For the same length of wire and similar values of T as in 
the fkst case, it will be found that the number of loops is halved, 
for in the first case the frequency of the string is the same as that 
of the fork, while in the second case it is only half as great. 

This may be understood by noting that, when, in the second 
case, the prong is in the extreme position on the left, the string is 
slack in the first vibration, and when in the extreme position on 
the right, it is horizontal and tight. The inertia of the string 
carries it onwards, so that when the prong returns to the extreme 
left position and so completes one vibration, the string has com¬ 
pleted one half-vibration only. 

Electrical vibrator. Melde's experiment can also be performed 
by using as a vibrator a short rod w'hich is excited by means of 
the A.C. mains supply. One t\q)e of vibrator consists of a steel 
rod about 9 in. long and ^ in. diameter, used as the vibrator, 
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suitably clamped at one end. This rod passes through the centre 
of a solenoid and then between the poles of a strong magnet. The 
solenoid is wired in series with a suitable lamp so that direct 
connection may be made with the mains supply. The length of 
the vibrating portion of the rod can be varied by loosening the 
clamp and sliding the rod one way or the other through the 
solenoid. On switching on the current the vibrator is magnetised 
longitudinally with polarity winch is reversed Avith the current. 
The interaction with the field of the permanent magnet sets up 
lateral forces wliich tend to make the rod vibrate with the 
frequency of the mains. If now the length of the rod is slowly 
adjusted, a position will be found Avhen the frequency of its 
vibrations is the same as that for the supply ; when resonance is 
established in this way, a satisfactory amplitude of vibration of 
the string attaclied to the rod is maintained. 


APPLICATIONS OF VIBRATIONS OF STRINGS 

Frequency of the A.C. mains supply. It will be obvious from 

the above that an electrical vibrator can be used to find the 

frequency of the A.C. mains supply. Attach a long wire or strim^ 

to the end of the vibrator and place a load in the pan at the other 

end, sufficient to i)roduce a definite number of well-defined looi)s 

when the string is set in vibration. Since the end of the rod is 

vibrating, there will probably not be an exact node at this point 

so It is advisable to neglect this first loop. Count the number of 

loops and the length of the wire involved ; also Aveigh the Avire 

after the experiment to find the mass per unit length. Rei)eat 

Avith different loads and obtain as many results as possible If *S' 

is the number of loops in the length / of'the wire, Ave have A = 21 jS 

Therefore the frequency of the wire and of the A.C supply is 
given by ^ 


It s It 

V m 21 V m 


A A V 21 

A variation of the above experiment is to pass the alternating 
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current through the stretched vriie and to cause the vibrations by 
arranging the poles of two bar magnets, one on either side of the 
middle of the string. 

Acoustic strain gauge. The measurement of small mechanical 
strains in structures under tension and compression has engaged 
the attention of engineers for a number of years, and various 
gauges have been devised for the purpose. The most popular one 
at the present time is the electrical variable resistance gauge, but 
much useful work has been done by quasi-electrical tyi)es, one of 
which is the acoustic gauge. 

In this ty]}e, the frequency of vibration of a stretched wire 
clamped to the structure at the point where the strain is to be 
measured is matched against the frequency of a second similar 
wire known as the reference gauge. The testing wire is stretched 
between two knife edges, one fixed and the other movable, and it 
is electrically maintained in vibration at its natural frequency. 
The wire passes between two pairs of pole-pieces of two small bar 
magnets, and around the north pole of each magnet is fixed a 
small coil. One coil acts as an exciter coil and the other as a 
pick-u]> coil ; when the set is switched on, the small vibrations 
of the string generate small oscillating currents in the pick-up coil. 

The second wire is also connected in the electrical circuit, but 
it is not attached to the structure. It is, however, fastened to a 
tensioning screw which incorporates a calibrated dial, and when 
it is vibrating, the frequency can be altered by adjusting the 
tensioning screw. 

The vibrations of the first wire are communicated to one ear¬ 
piece of a headphone worn by the operator, and those of the 
second wire to the other ear-piece ; thus tlie pitches of both notes 
can be com})ared. If the matching is not exact, the tensioning 
screw is used and the reading on the calibrated dial is a measure 
of tlie strain in the s})ecimen. 

For further information on this and other forms of strain 
gauges the student should refer to the original literature on the 
subject. 

TRANSVERSE VIBRATIONS OF RODS 

In the case of a thick wire or rod, the stiffness may become the 
all-important factor and the tension may be disregarded. It can 
he shown that the velocity of a transverse wave in a rod is pro- 
portional to 
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where t is the thickness of the rod in 
the direction of displacement, E is 
Young’s modulus and p is the density 
of the material. Hence in this case 
the velocity of propagation depends 
on A. Further, it can be shovn that 
the possible frequencies of a trans¬ 
verse vibration of a bar are given by 



where k is the radius of gyration of 
the section of the bar about the 
neutral plane, I is the length of tlie 
bar and c is a constant depending 



(a) 


(b) 


(c) 


on the method of su])porting or clamping the bar and on the 
overtones to be excited. It is worthy of note here that n 

is proportional to VE/>, which is of course the velocity of a 
longitudinal wave in the rod. 

If a rod is clamped at one end there is a node at this end, and the 
rod vibrates in its fundamental form as in {a) ; the modes of 
vibration when the rod is sounding the first and second overtones 
are given in (6) and (c). If tlie frecpiency of the fundamental is 
then the frequencies of the overtones are IT ooa, 3d'39/i, 

etc. 

Now suppose the rod when vibrating as in (6) to be prolonged, 
and instead of being (•lain])ed at B to he simply sup})orted at A" 
and B. We should then have a rod free at both ends (a ” free- 
free ” rod) and the fundaniontal form of its vibration is shown in 
{d)y while the mode of vibration for the lirst overtone is shown at 
(e), where there are three nodes. The relation between the fre¬ 
quencies of tlie fundamental and the overtones in this case are 1, 
2-70. 5-40, 8*93, etc. 
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As in the case of strings, stationary waves can be set up in rods 
bv the combined effects of the direct and reflected waves, and the 
possible forms of these will depend upon the method of supporting 
the rod. 

The transverse vibrations of rods may be excited by means 
similar to those used in the case of strings, the overtones present 
depending on the method of excitation. 

Tuning forks. A tuning fork may be regarded as a development 
of a “ free-free ” bar bent into the form of a U, or as a pair of 

“ clamped-free ” bars attached to a 
common block. If we consider it as 
a free-free ” bar, there are two 
nodes in the positions shown in the 
diagram. If the bar is gradually bent 
at the middle the nodes come nearer 
together, and when both limbs are 
parallel the nodes practically coincide 
and the arrangement forms a tuning 
fork. A stem is attached to the middle for convenience in holding, 
and since this point is a node the vibrations are not interfered 
with. It must be noted, however, that the stem is vibrating 
up and down at right angles to the prongs, and this motion can 
be communicated to a surface on which the stem rests. It will 
be clear from the above treatment why it is that a tuning fork 
vibrates in such a way that the ends alternately approach and 
recede from each other. 

The period of vibration of forks of the same material and shape 
varies as the linear dimensions. The period will be approximately 
independent of the thickness perpendicular to the plane of bend¬ 
ing, but will vary inversely with the thickness in the plane of 
bending. If the linear dimensions of a fork be doubled, its note 
Avill fall an octave, provided the material remains the same and the 
shape constant. The absolute frequency of a tuning fork depends 
on the velocity of sound in the material; hence a tuning fork 
made of brass would give a note about a fifth lower in pitch than 
one of the same dimensions made of steel. 

To increase the frequency of a fork it is necessary to reduce the 
equivalent inertia of the systen. This can be done by filing away 
the ends of the prongs, either diminishing their thickness or 
actually shortening them. To lower the frequency, the material 
of the prongs near the bend may be reduced, the effect of which is 
to diminish the force of the spring, leaving the inertia practically 
unchanged. Another method is to increase the inertia by loading 
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the ends of the prongs with wax, or other material. Large forks 
are sometimes provided with movable weights which slide along 
the prongs and can be fixed in any position by screws. As these 
approach the ends, the equivalent inertia of the system increases, 
and in this way a considerable range of pitch can be obtained from 
one fork. 

One reason why tuning forks are so important in acoustics is 
that the note given by a properly proportioned fork is practically 
a pure tone, free from overtones. Immediately after a fork is 
struck, high tones may indeed be heard, but these rapidly die 
away, and even while they exist, they do not blend with the 
proper tone of the fork, partly on account of their very high 
pitch and partly because they do not belong to its liarmonic 
scale. The first and second overtones of a fork have frequencies 
about 6-25 and 17-6 times the frequency of the fundamental. 

Tuning forks are sometimes provided with resonance boxes, 
and Koenig investigated the intluence of resonators uj)on the pitch 
of forks. Without a resonator, a fork of frequency 256 sounded in 
a satisfactory manner for about 90 seconds. A resonator of 
adjustable pitch was then brought into proximity, and the pitch, 
originally much lower tlian that of the fork, was gradually raised! 
Even when the resonator was still a minor third below the fork, 
there was observed a sliglit diminution in the duration of the 
vibrations, and at the same time an increase in the frequency of 
about 0005. As resonance between the two sounds was ap¬ 
proached, the diminution in the time and the increase in frequency 
became more pronounced right up to the immediate neighbour¬ 
hood of unison. But at the moment when unison was reached, the 
alteration of pitch suddenly disappeared, and the frequency 
became exactly the same as in the absence of the resonator. At 
the same time the sound was powerfully reinforced : but this 
increase fell off rapidly and the vibration died away after 8 or 10 
seconds. When the i)itch of the resonator was again raised a 
little, the sound of the fork began to change in the opposite 
direction, being now as much too low as, before unison was 
reached, it had been too high. As the pitch of the resonator was 
further raised, the duration of the vibrations gradually recovered 
its original value of about 90 seconds. The maximum disturb¬ 
ance m the frequency observed by Koenig was 0 035 complete 
vibrations. By a mathematical analysis, Rayleigh showed tliat 
the effects described above, shoeing the instability of pitch 
accompanying a strong resonance, are to be exjiectcd. A similar 
example is found in the anomalous refraction of light. 
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The periodic time of a tuning fork is a very constant quantity ; 
hence forks are in common use as standards of pitch and sub¬ 
standards of time. The pitch of organ pipes rapidly varies with 
temperature and with the pressure of the wind ; that of strings 
■with the tension, which can never be retained constant for long. 
But a tuning fork kept clean and not subjected to violent changes 
of temperature or magnetisation, preserves its pitch with great 
fidelity. It must not be supposed however that the frequency of a 
fork is altogether independent of temperature, for a change in 
temperature brings about a change in dimensions and in elasticity. 
According to the observations of McLeod and Clarke (1880), the 
frequency decreases by 0*00011 of its value for every degree 
centigrade rise, while the temperature coefficient found by 
Koenig is 0 00012. This means that a fork of frequency 256 falls 
0 0286 for every degree centigrade rise of temperature. 

Most modern forks are usually made of elinvar, which has an 
extremely small temperature coefficient. 

Valve-maintained fork. For experimental work, especially 
ill frequency measurements, it is useful to have a fork which can 
be maintained in vibration for comparatively long periods. One 
such fork was described on p. 103, and another one suitable for 
maintaining vibrations of rather higher frequency is the valve- 
maintained fork designed by Eccles. 

The circuit is as showm in the diagram. The two prongs of the 
fork are magnetised, and two electromagnets, and are placed 
one on each side of the fork, one being connected to the grid and 
the other to the anode of the valve, ^’ariable condensers are 
included in both the anode and grid circuits for tuning purposes. 
Briefly, the action is as follows. When the prongs are vibrating 
say outwards, a potential difference is induced in Ey by 6', and 
the winding of Ey is in such a direction as to make the grid more 
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positive. This causes the anode current to increase, and if the 
direction of the winding of E. is suitably arranged, N is attracted 
and the vibration assisted. 

It M-ill be noticed that in this type of fork there are no attach¬ 
ments to interfere with the normal frequency. 


LONGITUDINAL VIBRATIONS IN STRINGS AND RODS 

In addition to transverse vibrations, it is also possible for 
strings and rods to vibrate longitudinally, and we have dealt with 
a practical case of this on p. 45 when discussing Kundt’s tube. 
In the case of a stretched string, the frequency of the longi¬ 
tudinal vibrations is independent of the tension with which the 
string is stretched. For Avhen a particle of the string is displaced 
from its normal position, the force with which it tends to return 
depends on the stress of the displacement from its normal position, 
and by Hooke's law this stress is quite independent of any 
previously existent stress. Thus the velocity of a longitudinal 
wave is independent of the tension and depends only on the 
elasticity and the density of the medium, that is, V = 

When a string which is vibrating longitudinally gives its 
fundamental note, there will be a node at each end and an anti¬ 
node between. Hence A = 2/ and V ^2nL In the case of a rod 
clamped in the middle, there must be a node at this i)osition and 
antinodes at either end : therefore, in this case also, V =2nl. It 
should be clear now that if we can measure the frequency of the 
note given by a string or a rod of length I when vibrating longi¬ 
tudinally, we have the means of measuring the velocity of sound 
in the medium of which the string or rod is composed. 

The various overtones for a stretched string or a free bar 
require the condition 6-X = 2l, where s is the number of loops. 
Hence the expression for the frequency of these overtones is 



which is similar to the case when the string is vibrating trans 
versely. ^ 

If a bar vibrating longitudinally is clamped at its middle point 
all the overtones which recpiire an antinode at this point are 
suppressed, and only the odd overtones are present. This will be 
seen from the diagram (p. 112). In [a) the bar vibrates to give the 
lundamental note, with a node in the centre and antinodes at the 
ends ; hence the length of the bar is equal to A/2. The next 
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(a) 


N 


Fundamental Frequency - fl 


(b) 


N 


N 


(c) 


1st Overtone Frequency 
A N A N A N 


= 3 « 


2nd Overtone Frequency=5w 


mode of vibration to give the first overtone must have three 
nodes arranged as in (6), and A/2 now is equal to one-third of the 
length. Similarly for the second overtone, there must be five 
nodes as in (c) and A/2 =Z/5. The frequencies of the fundamental 
and the successive overtones must therefore be n, 3n, 5n, etc. 
The frequency of longitudinal vibrations in rods is usually very 
high compared with that of the transverse modes, the ratio in¬ 
creasing rapidly as the diameter or thickness diminishes relative 
to length. 

Methods of excitation. Rods of metal, wood or glass, clamped 
at the mid-point, are readily set into longitudinal vibration by the 
steady frictional drag of a resined cloth drawn along the rod 
towards an antinode, as in the Kundt's tube experiment. If the rod 
is a relativeh' stiff one, the vibrations may be set up by striking 
the end a sharp blow with a hammer. In this case, however, both 
transverse and longitudinal vibrations may be excited, though 
tlie one or the other can be rapidly damped out by clamping at a 
suitable point. 

Electrical means may also be used for exciting longitudinal 
vibrations in bars of magnetic materials when an alternating 
current of resonant frequency is available. The A.C. is passed 
through an iron wire core which is mounted close to the end of a 
steel bar. The resonance is very sharp, necessitating careful 
tuning, and both fundamental and the overtones can readily be 
excited as almost pure tones. 

Vibrations in non-magnetic rods have been obtained by electro¬ 
static means, the end of the vibrating rod forming one plate of a 
condenser supplied with high-frequency A.C. from a valve 
oscillator. 

When considering the longitudinal vibrations of a rod, it must 
not be forgotten that if a rod is stretched by a force parallel 
to its length, the extension is in general accompanied by lateral 
contraction in such a manner that the increase in volume is less 
than if the displacement of every particle were parallel to the 
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axis. If a rod is long compared with the diameter, the inertia of 
the lateral motion may be neglected. But if the rod is sliort, the 
lateral motion of a particle near the boundary would be com¬ 
parable in magnitude with the longitudinal motion and could not 
be overlooked without risk of considerable error. Clearly in such 
cases, Poisson s ratio (/x) for the material of the rod would have to 
be brought into account, and Rayleigh calculated that the effect 
of the lateral motion is to increase the period in the ratio 


where r is the radius of the rod, I is the length, and i is an integer. 

It is worth while pointing out here that the value of fx must lie 

were negative, a longitudinal tension 
would produce a lateral swelling, which can scarcely be possible in 
solids. If p were greater than the lateral contraction would 
be ^eat enough to overbalance the elongation and cause a 
diminution of volume on the whole : this would be inconsistent 
^vith stability. At one time, it was supposed that p must of 
necessity be equal to | for all solids, but it is now known that its 
value varies. 

Torsional vibrations. If a rod or bar is clamped at one end, and 
the side is bowed transversely, a very high note is produced ; the 
bar twists and untwists alternately and the vibrations are called 
torsional vibrations. If the bar is in the form of a rectangle and 
is held horizontal, the nature of the vibrations can be seen bv 
sprinkling sand on the face. There is no doubt that transverse 
as well as torsional vibrations are set up. The position of the nodal 
lines is indicated in the diagram by the shaded portions. If the 
vibrations were transverse only, the lines would be at right angles 
to the edge, but owing to the presence of torsional vibrations the 
lines are inclined as shown when the bar is bowed at A and 
damped at B. 

The force with which twisting is resisted depends upon the 
modulus of elasticity, called the rigidity. If we call this n, the 
relation between E {Young’s 

modulus), p and 71 may be 
written 

E 

showing that n lies between 
JS//2 and Ej'^, 
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The velocity of wave propagation is Jnjpj and it will be seen 
that the velocity of longitudinal vibrations is to that of torsional 

vibrations in the ratio JE : Jn, or -7(2 + 2fi) : 1. For example, if 
^ = 1/3, the ratio of frequencies would be 

corresponding to an interval rather greater than a fifth. In all 

cases, the ratio of frequencies must lie between \/2/l and \/3/l. 

It must be said in conclusion that torsional vibrations are of 
very small importance compared with longitudinal vibrations. 



CHAPTER VI 


CHARACTERISTICS OF aiUSICAL SOUNDS 

The three characteristics of musical sounds are pitch, loudness 
and quality, and they will be considered in that order. 

PITCH 

The pitch of a note is that property of the sound which deter¬ 
mines its position on the musical scale, which is a series of notes 
of definite and different frequencies. The sensation of pitch de¬ 
pends on the frequency with which the impulses succeed one 
another at the ear, and this principle can be easily tested by using 
the siren or the toothed wheel. 

It must be remembered, however, that frequency is an objective 
rate of vibration, whereas pitch is a subjective sensation by which 
a listener classifies a note as high or low, and although tlie two 
terms are often used interchangeably it is possible for two pure 
notes of slightly different frequencies to have practically the same 
pitch. This is due to what is called the differential frequency 
sensitivity of the ear, which varies with sound pressure levels and 
with frequency. In 1931 Shower and Biddulph showed that the 
sensitivity is greatest for frequencies above about 1,000 c.p.s., 
and becomes relatively poor at lower frequencies. For example, 
at a .sound pressure level of 10 decibels, a 30-cycle note must be 
changed in frequency to about 32-7 c.p.s. before any change in 
pitch can be detected. This applies to pure notes, but in the case 
of musical instruments where harmonics are present, a greater 
frequency discrimination is possible. 

^lusical notes of quite a large range in frequencies have been 
produced. The lowest note of very large organs has a frecpiency 
of about lfi’5, whereas a note of frequency of more than 40,000 
has been obtained by a special kind of tuning fork ; but these 
frequencies are outside the ordinary limits of audibility, which 
lie between about 20 and 20,000. The frequencies of the notes 
used in music lie between about 30 and 5,000, and the lowest and 
highest notes given by a piano have frequencies of about 27 and 
3,500 respectively. 
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Velocity of Sound V 


V-v 


Disturbed wave-lengths X = ^ 


(a) Source 


V 


V 


(b) 


V 


Undisturbed wave-lengths X = 


Source 


Disturbed wave-lengths X = 
Velocity of Sound .V 


Listener 


Listener 


Doppler’s principle. The interesting phenomenon, known as 
the Doppler effect, bearing on the relation between pitch and 
frequency, is the apparent alteration in the pitch of a note due to 
the relative motion of the source and the observer. As the source, 
for example, the whistle of a railway engine, approaches the 
listener, the waves which are emitted get crcnvded up into a 
smaller space. Between the instant when one compression is 
sent out and the instant when it is followed by the next, the 
source has moved forward so that the two compressions are 
separated by less than their normal distance apart. Hence the 
compressions arrive at the ear in quicker succession than would 
be the case if source and observer were relatively at rest. If the 
source is receding from the listener the converse happens, for in 
this case the compressions arrive less rapidly. Thus, in the first 
case, the apparent pitch is higher than the true pitch, while in 
the latter case it is lower. 

Source moving, listener stationary. Suppose the source of 
sound to have a frequency n, so that it emits n waves per second 
with a velocity V ; further suppose the source to move with a 
velocity v towards the listener. If A is the undisturbed wave¬ 
length, we have nA = V, and when the source moves, the n waves 
will occupy a distance (V -f)- The disturbed wave-length will 

V-v 

therefore be given by Aj :=-. Hence the apparent frequency 

of the note is ; ^ 
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If the source moves 


quency is 


nV 

V+v' 


away from 


the listener the 
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^o«rce stationary, listener moviny. Suppose the listener moves 

with velocity v towards a stationary source. In one second he 

^ receive n waves + the number of waves in a length v • hence 
he vdll receive : 


, V 71 u (V+v 

Ti-f - _ n + — = 7i + rpr = 71 ( “) wavcs per second ; 

this is the apparent frequency. 

Now consider a numerical example in which V = \ 100 ft ner 
sec., i; = 100 ft. per sec. and ti =800 ’ ^ 

In the first case, when the source is moving, 

apparent frequency = ^ 

^ ^ V-v 1000 


= 880. 


In the second case, when the listener is moving, 


V + V 


800 X1200 

— 0 /- 11 . 


apparent frequency = 7i, 

\ V / 1100 

Hence the pitch of the note is not the same in both cases al¬ 
though the relative velocities of source and listener are equal 
To account for this, however, we may note that the wave-lencrth 
of the sound when the source is moving is altered, but in the 
second case the wave-length remains unclianged. 

Effect of wind. Suppo.se the source moves towards a stationary 
listener with velocity v as before, and suppose a wind is blowincr 
in the same direction Avith velocity w. The waves emitted in one 

second aviII occupy a distance V + w-v. Hence the disturbed 
wave-length will be given by 

, V + 10-V 
/\, =- 


71 


tliat is, the Avave-length is changed in the ratio 

V +w -V 


Also the apparent frequency of the note to the listener will be 

V nV 



118 ACOUSTICS 

Now consider the motion of the listener, the source remaining 
stationary. K there were no wind and if the listener were 
stationary, n "waves occupying a distance V would reach him in 
1 second. But when the wind is blowing, and the listener moving 
with a velocity Vj, the waves occupying a distance F+w-Vj 
reach the listener in 1 second. Therefore the apparent frequency 

nV 

V +w~Vi* 

that is, it changes in the ratio 

V +w-Vi 

F ' 

Hence when both source and listener are moving, the total 
change in pitch, measured by the ratio of the apparent fre¬ 
quencies, is given by 

nV 

V + XV -V +w-Vi 

n V V +XV -V ’ 

V +w~Vi 

If the above expression reduces to unity, in which case the 

wind does not affect the pitch of the note. Thus when both the 
source and the listener are stationary, or when they both have 
equal velocities in the same direction, the pitch is not affected by 

the wind. 

Experimental determination of pitch by interference. Ine 
phenomenon of mterference can be utilised to determine the fre¬ 
quency of a high-pitched sound. A Galton whistle, connected to 
a gas bag containing air so that it can produce a continuous high- 
pitched note, can be used as the source, and a sensitive flame a 
detector. A dramng board is fixed in a vertical position 
bench and the sensitive flame is put near it. The Galton whistle 
is arranged in a suitable position A, say a yard or so from e 

board, and set in operation. The flame is moved slowly from e 
board until a position P is found when the flame ceases roaring 
and burns steadily. A second position Q is then found and the 

distance PQ measured ; this is the value of A/2. 

The sound from the source is reflected at the board, and the 
reflected and incident waves interfere to produce stationary 
waves, the nodes being the positions where the flame bums 

steadily. 
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Let B and C be two positions of 
the flame. If the distances AB and 
AjB, where is the image of .4, 
differ by a whole number of wave¬ 
lengths, the two waves assist one 
another and the flame will roar. But if the distances AC and A C 
differ by an odd number of half wave-lengths, the two waves 

destroy one another, and the flame burns steadily as it is at a 
node. 

We have A^B-AB = i}X, and A^C - AC = »A + A/2 ; 


/. (AiC-AiB) + (A£-AC)=A/2 ; 
whence 2BC = A/2. 

Hence in the experiment the distances BC\ etc., are equal to A/4. 
Instead of a Galton Avhistle, the valve oscillator mentioned on 
p. 54 can be used as the source. 

Aeolian tones. The singing of telephone and telegraph wires 
and the whistling of the wind through trees are familiar sounds to 
everyone, and the sounds so produced are called aeolian tones. 
It has long been known that when a current of air strikes a 
stretched wire normal to its length, sounds are produced, the 
pitch of which is independent of the material, length and tension 
of the wire. In 1878 Strouhal investigated the effect by revolvint^ 
a vertical, stretched wire about an axis parallel to its length, and 

he found that the frequency of the note is given approximatelv 
by the formula 


OlSSv 

n = —-— 


when V is the relative velocity of the wire and air and d is the 
diameter of the wire. Lord Rayleigh afterwards showed that the 
vibrations of the wire are transverse to the direction of the wind 
Although no completely satisfactorv theorv has been given the 
effect scem.s to be produced by the formation of unstable vortex- 
sheets by the wind rushing past the wire, and the eddies form a 
ma.ss vibrating from one side of the wire to the other ]f the 
frequency of the sound .so produced corresponds with the natural 
frequency of the wire the sound is greatly increased. In the 
aeolian harp a number of wires of the .same low pitch though of 
different thicknesses are stretched on a .soundimr board and 

exposed to the wind. The varying thickiies.ses of the strings 
result in a serie.s of different notes. ^ 


1 
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Jet tones and Edge tones. Whenever a 
, et of air is forced through a slit, the jet 
jecomes sinuous in character, and eddies 
are formed which appear alternately on 
opposite sides. The frequency of the note 
produced, the jet tone, is given by 

0-055v 

where v is the velocity of the air at its 
efflux and d is the width of the slit. If this 
is compared with Strouhals formula for 
aeolian tones, it will be seen that the pitch 
of the jet tone is about two octaves below 


that of the aeolian tone due to a cylindrical object of the same 


diameter. 

Jet tones are very feeble and unstable, but if a wedge of small 
angle is presented to the jet, the edge being parallel to the slit, 
stronger and more stable tones are produced. These tones, which 
are called edge tones, were first noticed by Sondhauss in 1854, 
and they certainly show the importance of vortex motion in the 
production of sounds. 

A searching investigation into the nature of jet and edge tones 
has been carried out by G. Burniston Brown, and by photo¬ 
graphing jets of air impregnated with tobacco smoke issuing 
from orifices of various t}q)es, he has obtained some instructive 
information concerning the groNvlh of the vortices and their rate 
of formation, etc. ; this, however, cannot be dealt with here. 

Edge tones play quite an important part in the production of 
sound in organ pipes. Air from the slit 
passes across the mouth and strikes the 
wedge-shaped edge, thus giving rise to 
an edge tone. In practice, the wind 
pressure is adjusted so that the 
frequency of this tone is the same as the 
fundamental of the pipe ; this operation 
is called “voicing”. If the edge tone 
and one of the free vibrations of the air 
column are in resonance, energy is 
rapidly absorbed by the column and the 
pipe “ speaks ” promptly. If, however, 
the two are out of tune, energy is 
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absorbed slowly and the pipe gives a slow response. The frequency 
of the edge tone can be adjusted for resonance by altering the 
distance of the edge from the jet. 

The edge tone and the air in the pipe constitute what is kno^Mi 
as a coupled system, formed of two components which can 
mutually interfere, and so prevent either from vibrating freely. 
When the inteference is slight, the system is loosely coupled. In 
the case of an organ pipe, there is a closely coupled system, for tlie 
dominant partner is the comparatively massive air column and 
the feeble partner is the edge tone. 

Musical scale and intervals. The simplest musical scale is the 
diatonic scale which consists of two groups of four notes, each con¬ 
taining three tones and one semitone, and it can be written down 
in the staff notation or in the tonic notation as indicated below. 



Tonic 


doh ray me fah soh lah te doh 


The ratio of the frequencies of any two notes in the musical 
scale is called a musical interval, and to investigate the relation be¬ 
tween two notes constituting a simple musical interval a modified 
form of siren, in which there is a rotating disc witli concentric rings 
of small holes, can be used. A cardboard disc mounted on an 
electric motor has rings in whicli the number of holes may be in the 
ratio 4, 5, (i, 8 from tlie innermo.st ring ; a jet of air playing on 
the disc can be directed on to any ring of holes at will. The note 
given by the 4th ring is an octave above that given l)v the 1st, an 
interval which can be easilv 
recognized by most people, and 
the ratio of the two frequencies 
is 2 ; 1. This relationship re¬ 
mains true for all speeds of 
rotation, for although the re¬ 
spective frequencies will alter 
and the difference between the 
two frequencies will either de¬ 
crease orincrease, yet the inter¬ 
val always remains an octave. 

Hence a musical interval is tv .i . 

I i • 11.1 .• r Disc Siren with eicfit nnes to eive 

determinod by the ratio of the musical scale. 
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frequencies of the two notes and not by their difference. Further 
confirmation of this may be obtained by using different rings 
of holes. 

The various musical intervals are named—or numbered—by 
coimting up the scale from one note to another and including both 
notes. Thus c to d is a second, c to e a third, and so on. The 
interval from e to is also a third, but when we compare the 
frequencies we find that e to j; is a smaller interval than c to e. 
It is therefore called a minor third, while the interval c to e is 
called a major third. 

The chief intervals with their frequency ratios are given in the 
accompanying table. 


Interval 

Ratio of 
Frequencies 

Notes within a 
single octave giving 
the interval 

Octave 

2:1 


c to c' 

Major Sixth 

5:3 


f c to a 

Id to 5 

Minor Sixth 

8:5 


e, to c' 

Fifth 

3:2 

(c tog 

J e to 6 
i/to c' 

. __ __ 

Fourth 

1 

1 

4:3 


c to/ 
d to g 
e to a 
g to c' 

Major Third 

5 : 4 

1 

1 

to e 
/ to o 
^ to 6 

Minor Third 

6:5 


'e to g 
a to c' 


Frequency ratios. The relative frequencies of the notes com 
prising an octave in the diatonic scale are as follows : 

c d e f gab c\ 

1 9 i 4 3 5 Xi 9 

• 1^43238 ^ 

or, clearing of fractions, we have 

24 27 30 32 36 40 45 48. 
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(We are adopting the Helmholtz notation as above for the names 
of the notes, where middle C on the piano is represented by c.) 

lo obtain the intervals between successive notes of the scale 
we divide the number representing each note by the number 
representing the one hnmediately below. Thus the interval from 
c to d IS given by or f, and so on. Hence we obtain the 
Iollo^vmg ratios for the intervals between successive notes : 


d 


f 


a 


9 

¥ 


10 

9 


Ifi. 

15 


9 

¥ 


io 

9 


A 

8 


1 6 
15 


Notice that these intervals are of three different sizes. The 

largest ratio e is called a large or major tone, the next ratio is 

a small or mmor tone, while the ratio ff is a semitone 

It will be seen from the table opposite that the interval c to f 

IS a fourth and the interval/to c' is a fifth ; if these two are added 

together they give the octave c to c'. But to obtain this result in 

terms of frequency-ratios we have to multiply the corresponding 

obtain the interval when we add a fifth to a 

fourth, we miiltiply by -f, which gives 2, representing the octave. 

To simplify the method of measuring intervals the whole octave 

IS divided into 1200 units called cents, the cent beino- used 

because 100 cents make the semitone of those instnimlnts in 

which 12 equal semitones are the intervals occurrincr in one 

octave. In terms of cents, we get the following values for the 
various mtorvals: o c 


Octave 1200 cents 

Major Sixth 884 

Minor Sixth 814 

Fifth 702 




)> 






Major Tiiird 386 cents 
Minor Third 316 
Major Tone 204 
Minor Tone 182 
Semitone 112 




y> 


>> 


Fourth 498 

Hence we can con^are the different intervals by simply adding 
and subtracting. For example, ^ ^ ^ 

a fifth plus a fourth = 702 -f 498 = 1200 cents = one octave. 
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It must be observed that the state for which the above calculations 
hold is an ideal one ; this will be referred to again when we discuss 
temperament. 

Standards of pitch. Widely different pitches have been adopted 
for the musical scales at various times and places and for distinct 
musical uses. For scientific purposes the standard of pitch 
generally accepted is a frequency of 256 for c' and 512 for c“, thus 
giving a frequency of 426-7 for a' ; but for musical purposes the 
Philharmonic Society fixed, in 1896, a frequency of 439 at a 
temperature 68° F. for a\ and this is now an international 
standard and is kno^vn as the “ low pitch Previous to 1896 
the frequency adopted for a' was 452*4, giving a frequency of 
526*8 for c" ; this was the “ high pitch ”. 

Since the pitch of a note generally alters with temperature, it 
is of course necessary to define a temperature when adopting a 
standard. 


LOUDNESS 

It has already been stated that loudness of a sound corresponds 
to a degree of sensation produced in the ear, whereas intensity 
refers to a definite physical quantity which is determined by the 
rate of supply of vibrational energy. Loudness must, of course, 
depend on intensity, but it also depends on the sensitiveness of the 
ear under particular conditions ; for example, near the limits of 
audibility the loudness of a sound may be very feeble but the 
intensity quite large. The relation between sensation (loudness) 
and stimulus (intensity) is given by Weber’s law : The increase 
of stimulus necessary to produce a just perceptible increase of 
sensation is proportional to the pre-existing stimulus. 

Thus, if the intensity of a sound is progressively doubled, the 
loudness is not increased in the same ratio ; it increases by equal 
additions. In fact, the loudness is proportional to the logarithm 


of the intensity. ^ c } 

The measurement of the loudness of a noise has been 
to in Chapter I and it will be further discussed in Chapter XIV. 
What we are chierty concerned with, here is the intensity ot a 
sound, and to consider the factors on which this depends. 

There is no doubt that energy in one form or another . 

supplied before an object emits a sound. The energy supphed is 
usually in the form of mechanical energy, but vibrations may be 
caused by other forms. For example, heat can produce vibrations, 
as is evidenced by the apparatus knowm as Trevelyan’s rocker, 
and also by “ singing ” flames, while, as we have seen, ultrasonic 
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vibrations may be caused by electromagnetic energy. It is to be 
expected that the greater the amount of energy initially used the 
p-eater ^\ill be the intensity of the sound produced ; also, we 
know that the more energj' we put into, say, the plucking of a 
string, the greater is the amplitude of the vibration. Hence we 
shall expect that the intensity will depend on the amplitude 
Energy of a vibrating object. Suppose an object of mass w is 
vibrating with simple harmonic motion between the two extreme 
positions P and Q. At these points the velocity of the mass will 
be zero, but it will have a maximum velocity, say c, at 0 the 
middle point, and the kinetic energy at this point is Now, 



when the mass is displaced from 0, it is acted upon by the force 
of restitution which, for any given displacement a-, is proportional 
to a:, and the work done by this force is kx^j'l (see force-displace¬ 
ment diagram), where k is a constant. When the mass is at P or 
Q, the displacement is a maximum and is equal to the amplitude 
a of the vibration. Hence we have \mv^-= Ika^, and as k is a 
constant for any pven value of displacement, the energy of the 
vibrpmg system is directly proportional to the square of the 
amplitude. As intensity has been defined as a rate of flow of 
energy, it follows that the intensity of the sound emitted by a 
soujrce is directly proportional to the square of the amplitude. 

Also, since the time T of one complete vibration is ^ = - , and 
since co = v/a, we have v = 2TTan. ^ ' 

Hence the kinetic = \7nv^ = 27T‘^maH^, Therefore, the 

mtensity of the sound is also proportional to the square of the 
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QUALITY 

The quality of a musical note is the property which enables us 
to distinguish between two notes of the same pitch and the same 
loudness when produced by different kinds of instruments or 
even by two different voices, and we shall find that this depends 
on the nature of the vibration giving rise to the note. We know 
from the study of light that the resultant colour of, say, an opaque 
object, is due not only to the number of the constituent colours 
but also to the relative proportions in which these constituents 
exist. We have also seen that most musical notes are not pure 
notes as in the tuning fork, but consist of the fundamental 
accompanied by various overtones, and it is the resultant sound 
of this mixture which determines the quality. It is on account of 
this similarity with light that we might use the term sound-colour 
as an alternative to quality. 



Representation of simultaneous vibrations in a string. 

There is strong evidence for the belief that sounding objects 
such as stretched strings are not only capable of being made to 
vibrate successively in various modes giving a series of different 
notes, but also that they give simultaneoushj a number of different 
notes which are simple and unanalysable and which we shall call 

tones. * , 

Let a sonometer wire be plucked somewhere near one end, 

and while it is sounding let its middle point be lightly damped 
with a feather. This will suppress the fundamental node of vibra¬ 
tion, which of course requires an antinode at this point, and the 
prime tone w ill disappear. But we shall now hear the first ^er- 
tone or harmonic, a tone an octave above the fundamental. Now 
merely damping the centre of the wire could not bring into 
existence a mode of vibration not previously present, and we are 
forced to conclude that this mode of vibration was already m 
existence together with the fundamental mode. The overtone 
could not be heard as a distinct tone while the fundamental was 
sounding because of the prominence of the latter tone ; though, 
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now we know that it does coexist with the fundamental, if we 
again pluck the string we shall probably be able to pick it out of 
the resulting note. In a similar way, it can be demonstrated that 
the fundamental tone is also accompanied by other and hitcher 
overtones. Hence, it is concluded that the resultant note^'ob- 
tained by plucking the string is a complex one made up of the 
fundamental, which gives the pitch of the note, and various 
overtones all sounding together ; it is this complexity which 
gives rise to the distinct quality of the note. If the kring is 
plucked at the centre instead of near one end, tliere is a marked 
difference in quality, for whereas previously the quality was harsh 
and brilliant owing to the richness in overtones, now the quality 
is dull and nasal. In this case all the even overtones jnust be 
absent, for these modes of vibration need a node at the centre. 

In a piano the quality depends mainly on the point on the 
strings which the hammers are made to strike, on the liardness of 
the hammers, on their time of contact with the strings, and on the 
sounding board. The point at which the strings are struck is 
usually selected so as to make the seventh and higher overtones 
rather weak, but to allow the lower overtones to be ])resent. If 
the hammers are shaq) and liaid, the displacement of the strings 
is more abrupt and the upper overtones become more prominent ; 
thus the quality is brilliant and perhaps liarsh. Soft flat liammers 
tend to (lulness of quality ; hence hammers are usuallv faced 
with compressed felt, so that if the quality is too brilliant it can 
be softened down to any extent by teasing out the felt. 

In a violin the bow is usually applied to a ])nint of the string 
about one-twelfth of the length from the bridge, though the 
skilled violinist has great control over the quality, since he can 
determine the overtones which shall accompany the fundamental 
by altering the ])oint on the string at whicli the bow is ai)])licd. 
The q\ialitv of the note given by a violin also seems to depend 
upon tlie wood chosen for the body, its shape and even the varnish 
used. 

8o far as instruments in which the string is excited by plucking 
are concerned, if a broad, soft plucking device such as the finger 
is used, the note is sweet and soft as in the harp ; on the other 

hand, the ivory plectrum as used in a mandoline gives a harsh 
metallic (juality. 

In the case of brass instruments, such as trumpets, trombones, 
etc., the sound acquires great penetrating force due to the 
strength of the higher overtones. 

Summing up the discussion so far on the quality of a musical 
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note, it may be said that the quality depends on the number of 
overtones present with the fundamental, and on the relative 
intensities of the overtones ; also, as we have seen, in certain 
musical instruments the quality is influenced by other factors. 
In addition to the above, however, there is another factor which 
must be considered, namely, the possible change in phase rela¬ 
tions between the various tones which make up the complex note. 
There can be no doubt that the character of the displacement 
diagram really determines the quality of a musical note ; and if 
the resultant displacement curve is different for two sounds, then 


No Difference in Phase 



frequencies 1.2.3->-IO l,3.S. 7. 9 

II I I 1 i i i 

Amplitude I.T-T-^ To i.T-s-/-’ 

Difference of Phase 90^* 


the quality is different (see oscillograms on p. 228). Koenig per¬ 
formed the synthesis of musical notes experimentally by com¬ 
pounding the sine curves corresponding to the different overtones 
with their proper relative amplitudes and altering the relative 
phases between the overtones. The curves obtained are shown 
above. In (a) and (c) the phases are all the same, but the number 
and the amplitudes of the overtones are different. In (b) and {d)y 
however, although the curves are similar to (a) and (c) respec¬ 
tively, so far as number and amplitude are concerned, the phase 
of the first tone is 90° behind that of the fundamental, the second 
overtone is 90° behind the first and so on. It will be noticed that 
the curves are very different from (a) and (c). In this way, 
Koenig concluded that the relative phases of the component tones 
has an influence on the quafity of the note. 
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Effect of transients on quality. One other factor which helps 
to determine the quality of a note must also be mentioned, for 
studies by Fletcher and others have revealed the importance of 
the transient period of vibration, that short time during which the 
sound is being built up and is dying down (see also p. 236). It 
has long been noticed that when a sustained note is played on a 
violin or a ’cello, the ear tends to confuse the two instruments ; 
but no such confusion arises when the instruments are played 
normally. This is due to the fact that when the notes are sus¬ 
tained, the initial transient notes have had time to die out. 

The characteristic sound of a drum is due entirely to a transient, 
for the motion of the drumhead is liighly damped and the applied 
force is of short duration. 


ANALYSIS AND SYNTHESIS OF MUSICAL SOUNDS 

Fourier’s theorem. Any form of single-valued periodic vibra¬ 
tion can be analysed or synthesised, and we have already con¬ 
sidered how two simple periodic curves can be compounded to 
form a resultant curve (beats, p. 86). The same method can be 
ap])lied to compound any number of harmonic curves, and very 
often it will be found that the resultant periodic curve is of a tyqoe 
much different from the simple sine curves of the individual com¬ 
ponents. Such resultant curves, representing the various sounds, 
abound in music and speech, In 1822 Fourier, a celebrated 
French mathematician, showed mathematically that “ any 
single-valued periodic function can be expressed as a summation 
of a simple harmonic series having frequencies which are multiples 
of that of the given function This statement is known as 
Fourier's theorem, and by use of it a complex sound can be 
analysed into its various components. Conversely, a periodic 
curve can be built up by compounding together a finite number 
of harmonic curves, the periods of which are commensurate ; and 
if T is the period of the complex periodic motion, the periods of the 
component simple harmonic motions will be included in the 
numbers 7’, 772, 773, etc. 

The mathematical analysis or synthesis of complex wave-forms 
may become very laborious, and machines called harmonic 
analysers have been devised to simplify the process ; in these the 
necessary mathematical calculations are performed by a direct 
mechanical process. 

As an example, suppose the required resultant curve to be re- 
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presented by the lines ABC-FG and consider the compounding 
of three simple harmonic curves of which the frequencies are in 
the ratio 1:3:5, while the amplitudes are as 1 : i : h 
resultant of these three simple curves is represented in the dia¬ 
gram by the thick line, which is approaching the form of the 
required curve. If more simple curves are compounded, the more 
nearly vaW the required curve be reproduced. 

Analysing power of the ear. \\'hen a musical note represented 
by a complex periodic motion is sounded, the ear is able to pick 
out the fundamental tone and assign a definite pitch to the note, 
and it is also able to hear separately each of the components. It is 
thus a practical harmonic analyser, for it analyses the complex 
vibration into a series of simple harmonic vibrations (the mem¬ 
bers of the Fourier series) each corresponding to a simple tone. 
Again, when listening to a vocal or instrumental quartette, the 
ear can concentrate on any one part and follow that, in addition to 
appreciating the general effect. Its power of analysing complex 
sounds thus far surpasses any power of analysis possessed by the 

eye. 

' To account for the action of the ear in this and other respects, 
Helmholtz propounded a theory of audition. According to this 
theory, the different threads (Corti's fibres) of the basilar mem¬ 
brane, which is found in the cochlea, act as vibrators, and 
are tuned to frequencies within the limits of hearing. Each 
vibration is able to excite its appropriate nerve fibre or fibr^, so 
that a nerve impulse, corresponding to the frequency of the 
vibrator, is transmitted to the brain. The mass of each vibrator 
is such that it vnl\ be easily set in motion, and after the stimulus 
has ceased, it will readily come to rest on account of damping. 
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If a simple tone falls on the ear, then only one, or at any rate a 

very small proportion, of the vibrators is affected, and the brain 

IS not able to resolve the sound into any simple sensation ; this 

will account for discrimination in pitchf If the sound is a com- 

plex one, it will be resolved into its constituents by the vibrators 

corresponding to the tones existing in it, each picking out its oa\ti 

portion of the wave and thus stimulating the corresponding nerve 

fibres. The nervous impulses are transmitted to the brainrwhere 

they are fused to give rise to a sensation of a particular quality 

but fused so imperfectly, that each constituent may be separately 
recognised. 

When two tones of nearly the same frecpiency are sounded 
simultaneously, some of the vibrators will respond to both tones 
but the vibrations will be intermittent in character on account of 
the production of beats. If the beats are slow, the vibrators have 
sufficient time to come to rest in between the successive maxima 
of sound. If, however, the beats are too rapid, there may not 
be sufficient time for the nerve fibres to recover completely be¬ 
tween the stimuli, and the effect will be noticed as a rou‘'hness 
or discord (see Chapter VII). ” 

The resonance theory of Helmholtz as described above has not 
been universally accepted as the true explanation, and a rival 
theory known as the telephonic theory has been postulated In 
this it has been suggested that the basilar membrane vibrates as 
a whole, and that the brain distinguishes between notes of differ¬ 
ent pitch because the actual nerve currents have the same fre¬ 
quency as the sound. 

Other theories have also been advanced and it appears that a 

^tisfactory interpretation of audition has not yet been found. 

Probably a thorough biophysical and biochemical study of the 

auditory nerve process will be necessary before a satisfyintr 
explanation can be found. " ^ 

Helmholtz resonator. In order to show the existence of over¬ 
tones in notes produced by stringed and other musical instru¬ 
ments, Helmholtz used a series of resonators. These are small 
hollow air chambers of the shape shown in the diagram, with two 

apertures, one of which can be connected to the ear or other 
detector, while the other is directed 
towards the source of sound. The 
shape and size of the resonators 

can be adjusted so that the ^ Sound 

contained air will resound to a 
tone of definite pitch. If the note 
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to be analysed contains 
an overtone which corre- 
^ Sound spends in pitch to the 
natoal pitch of the 
resonator, then this over¬ 
tone will cause the reso- 

Koenig resonator. » g^^h 

a resonator does not radiate much energy and it does not resound 
very loudly; consequently, the vibration of the air in it persists for a 
considerable time. Thus it is lightly damped and is highly selective. 

For some purposes, two Helmholtz resonators are coupled 
together to form a compound resonator, and it is interesting to 
note that the natural frequencies of the coupled 
resonators is not the same as those of the two 
regarded separately. A special type of compound 
resonator is the Boys type. In this a long open 
cylindrical tube is coupled at one end with a 
Helmholtz resonator through a short neck. E. T. 

Paris has shown that the natural frequencies (n) 
of the combination are determined by the following 
equation : 


Boys resonator. 





where Wj and are the fundamental frequencies of the tube and 
the Helmholtz resonator respectively, a is the cross-sectional area 
of the tube, V is the velocity of sound in air and Cq is the con¬ 
ductivity of the neck. . 

Koenig also devised a form of resonator in which the volume oi 
the enclosed air could be altered, and so the pitch of the note. 

Miller’s phonodeik. Many attempts have been made to 
wave-forms of sound by means of diaphragms and stretched 
membranes, and the movements of the vibrating diaphragm 

have been recorded m 
various ways, mechani¬ 
cally, optically and elec¬ 
trically. 

An example of the 
optical method is Miller s 
phonodeik. In this appar¬ 
atus the sound is collected 

by the horn k, at the 
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narrow end of which is a diaphragm ofglassabout 3 / 1,000 in. thick 
held lightly between soft rubber rings. To the middle of the dia¬ 
phragm a few silk fibres are attached, which, after passing once 
round a tiny pulley, finish at the spring 5 . The pulley is on a 
spmdle carrying a mirror, m, 1 mm. square, the whole mass being 
less than 1 '500 gm. Light from a lamp L passes to the mirror and 
is brought to a focus by means of a lens on to a photographic 
film. Thus a displacement-time graph is obtained. 

The apparatus can be arranged to give a visual picture of the 
sound by using a rotating mirror and screen instead of the film. 

Mechanical recording is exemplified in the gramophone, while 
electrical methods involve the use of a microphone or similar 
device which responds to the vibrations of the diaphragm. The 
corresponding electrical oscillations are recorded by using some 
form of oscillograph, for example, a cathode ray tube. 

It must be noted that the majority of diaphragm receivers are 
subject to resonance at certain freqiie^icies, and this gives rise to a 
distorted record. Hence great care is necessary in the choice of a 
receiver and recorder for a particular tv^e of sound, otherwise a 
number of factors may contribute to distortion. As was men¬ 
tioned in C hapter I, one of the best non-resonant receivers is the 
condenser microphone of Wente, while the best form of recordim^ 

system is a combination of a piezo-electric crystal receiver with 
a cathode ray oscillograph. 

Synthesis of a musical note. In addition to analysing compound 
notes into the component tones, Helmholtz also performed the 
inverse operation, namely, building up a note of a given quality 
by the combination of a number of simple tones. We have also 
seen (p. 128) that Koenig performed a similar piece of work. The 
apparatus used by Helmholtz consisted of ten tuning forks 
which were tuned to give a fundamental of frequency 250 and 
the first nine harmonics. Each of the forks is arranged in front 
of a resonator tuned to unison with it. An eleventh fork is keT)t 
vibrating electrically, and is so arranged that it makes and breaks 
an electric circuit once in each vibration. Each of the otiier 
forks is provided with an electromagnet, through which the inter¬ 
mittent current j)roduced by the extra fork is sent. The result 
is that the first fork is acted upon by a periodic force which 
recurs regularly after 1, 2. 3, etc. complete vibrations, and thus 
keeps the fork vibrating. Fork number 2, in the same way re¬ 
ceives an impulse every other vibration, and so on. 

Each of the resonators is fitted with a claj^pcr worked by a 
string attached to a key-board, by means of which the mouth of 
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the resonator can be closed, and when the resonator is closed the 
sound of its corresponding fork is negligible. The resultant note 
heard corresponds to the note produced by the coexistence of the 
tones given out by the forks whose resonators are uncovered. 
The intensity of each tone can be regulated by varying the open¬ 
ing of the resonator. 

A more modern method of building up a note from the 
various components is quoted by Dr. P. C. Buck in his Acoustics 
for Ahtskians. He states : “ an ingenious instrument has been 
built by Mr. Rothwell, the well-kno\^Ti organ builder, on which 
some experiments can be made with partial tones. A prime note 
(low G) is produced by a soft bourdon pipe, and its partials, up to 
the twenty-fifth, can be sounded in any combination desired (by 
wedging down the notes) on soft dulciana pipes. When the five 
lowest partials are sounded the result is simply a soft and pleasant 
chord of G major ; but as other partials are added the sound of 
the chord gradually vanishes, whilst the prime note advances 
into the foreground with ever increasing volume. When all 
twenty-five are sounding together—each, be it remembered, 
quite soft by itself—the result is one enormous low G of the 
unmistakable quality of a trombone 

GENERAL DISCUSSION OF 
COMBINATION OF VIBRATIONS 

When a single particle is acted upon by a number of distinct 
forces, each of which would cause it to perform simple harmonic 
motion, the question arises as to the resultant motion, and there 
are several important cases which should be considered. 

If two vibrations of a particle take place in the same direction, 
the resultant displacement is the sum of the separate displace¬ 
ments ; but it must be borne in mind that the resultant displace¬ 
ment curve will be influenced by the frequencies, the phase 
difference and the amplitudes of the individual vibrations. A 
system of vibrations of the same freqiiency and in the same 
straight line, but where the phases and amplitudes are different, 
can always be reduced to a single resultant by means of a ''eetor 
polygon, the lines representing the amplitudes, the angles ami the 
relative phases, in exactly the same way as a system of forces 
acting at a point. 

If two vibrations of nearly the same frequency, and the same 
amplitude are acting in the same direction, we obtain the pheno¬ 
menon of beats which was discussed earlier. 
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Vibrations at right angles. Consider tlie case when two vibra¬ 
tions of the same frequency but different amplitudes and phases 
act on a particle. Let one of the vibrations be in the line Ox and 
let it be represented by the equation a;=a, sin wt. The other 
vibration will be in the direction Oy, and its equation is 

y = a^ sin + 

where 9 is the phase diflFerence. 

(a) If 0 = 0, the two vibrations are in phase, and the displace¬ 
ment for both vibrations is zero at the same instant. The equa¬ 
tions now become 

a: = ajsina>^ and ^ = fl 2 sinaj/. 

• 5 = 

• • • 

y 


I 



This is the equation to a straight line, which in this case is repre¬ 
sented by the line AB passing through 0, and is the resultant 
path of the particle. 

(6) If 0 = 77, the equations become 

x = a^ sin wt and y = -a^ sin wt. 

• f = _ 

• • > 

y 02 

and the path of the particle is the line CD. 

(c) If 9 = 7tI'2, we have 


and 


X = aj sin wt, 


y = flg sin 



= 02 ^os wt. 



K 
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This is the equation to an ellipse. Thus the path of the particle 
is the ellipse EFG in a clockwise direction. 

Also, if 0 = -7^/2, the figure is still an ellipse, but the direction 
is anti-clockwise. 

(d) If, in addition to the condition imposed in (c), ai=a 2 , the 
equation of the figure reduces to + ?/2 =ai^t and the figure is a 
circle. 

Thus, when the frequencies are equal, the particle traces an 
elliptical path which may vary from a straight line when the 
phase difference is tt, to a circle when the phase difference is 7r/2 
and the amplitudes equal. 



Curves cut y-axis in 6 points and X-axis in 2 


For any other difference in phase, the path is still an ellipse, 
but the major and minor axes are inclined to the directions of the 
component vibrations. The equation may be found by resolving 
the first motion into two components, one in phase with, and the 
other component 90° in phase from the second simple harmonic 
motion. By combining the two in phase, a linear motion results, 
and when this is combined ^vith the component 90° out of phase, 
an elliptical motion results. The axes of the ellipse are no longer 
the same as the original axes. 

If the frequencies of the two vibrations are not quite, but 
Ttearli/ equal, the particle follows a path which slowly changes 
through the various forms, straight line, ellipse and circle, due to 
the slowly changing phase difference. The frequency of the per¬ 
formance of a complete cycle of figures will be the difference 
between the nearly equal frequencies. 
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If the frequencies are commensurable, that is, in a definite ratio 
such as 2 1 1, 3 : 1, etc., the particle traces out a curve having a 
certain number of loops, this number being equal to the ratio of 
the frequencies. For nearly commensurate frequencies, the curve 
slowly changes as the phase difference varies. 

When the shape of the curves corresponding to the frequency 
relations is kno^ra, the approximate ratio of the frequencies can 
be recogmsed. For example, the curves shown in the diagram cut 
the i/-axis in six points and the x-axis in two, so that the fre¬ 
quencies are in the ratio 6 : 2 or 3 : 1, for the vibrating point 
makes three vibrations in one direction in the same time that it 
makes one vibration in a direction at right angles. 

Lissajous’figures. The various curves obtained by compound¬ 
ing two simple harmonic vibrations at right angles are knovTi as 
Lissajous figures, and they may be demonstrated experimentally in 


Mirro' 



a variety of ways. In one optical method two tuning forks can 
be used as follows. A mirror is attached to one prong of a 
fork, and a narrow beam of light is focused on it. After 
reflection the light falls on a mirror attached to a second fork, 
this fork being placed so that the motion of its prongs takes place 
in a direction at right angles to that of the prongs of the fir.st fork ; 
after letlection here tiie light falls on a screen. If neither fork is 
vibrating, there will be a steady spot of light on the screen ; if 
one fork only vibrates, the spot will trace out a straight line in 
either a horizontal or vertical direction. But when both fork.s 
vibrate, the spot will trace out a characteristic curve depending 
on the relative frequencies of the forks. 

Perhaps the simplest method of arranging a vibrating system 
so that the motion of a point shall consi.st of two simple harmonic 
motions at right angles, with their periods in any desired ratio, is 
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to use a device known as Blackburn *s 
pendulum. This consists of a thin 
wire or piece of string with its two 
ends fixed to a horizontal rod at A 
and B. The string is cut in the 
middle and the two ends are attached 
to a heavy lead ring F carrying a 
glass funnel with a narrow exit tube. 
A clip C enables the string to be 
caught up and so allows the length 
CP to be varied. The whole arrange¬ 
ment forms a pendulum DF for 
vibrations perpendicular to the plane 
of the figure and one of length CF 
when the vibrations are in the plane 
of the figure. When the bob is 
displaced outwards in a slanting posi¬ 
tion and then released, the two motions operate, and if some dry 
sand is put in the funnel and allowed to escape on to a piece of 
paper immediately below a record is traced on the paper. The 
periods of vibration are in the ratio of the square roots of CP 
and DP ; hence if DP = ^CP the frequencies are in the ratio 1 : 2. 

A very convenient way of obtaining the figures if the necessary 
apparatus is available is by using a cathode ray oscillograph. 





By CourUsy of the General Electric Co. Ltd. 

(a) (b) 

Lissajous’ figures recorded by a cathode ray oscillograph. 

Ratio of frequencies (a) 2 : 1, (b) 29 ; 2. 
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Lissajous’ figures afford a good method for testing the accuracy 

of tuning of some simple interval between two forks (see p, 215), 

while the principle may be employed to investigate the "way 

the period of vibration of a rod varies with the length of the 
rod. 

Graphical treatment. The figures for the various combinations 
of two simple harmonic motions at right angles may be obtained 
by a graphical method as follows. Suppose that the two motions 
are of the same frequency, in the same phase but of different 
ampltidues, represented by AB and BC with Oj and 0, the mean 
positions (diagram a). With centres 0^ and Oo describe semi¬ 
circles on .4.6 and BC and divide them into equaf parts Aa^, 
etc. and If particle is regarded as starting at ^4, 

its position on account of the first vibration is given by the pro¬ 
jection of and on account of the second vibration its position 
is given by the projection of Thus, its actual position due to 
both motions is represented by a. Similarly, the positions 6, c, d, 
etc., are obtained as far as C, and the second half of the vibration 
will be the return from C to .4 ; the resulUnt motion therefore is 
represented by the straight line AC. 

If the two components differ in phase, the resultant motion is 
represented by an ellipse as shown in (6). In this diagram there is 
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a phase difference of 7t/2, one motion starting at A and the other 
midway between B and (7, and the resultant positions are 0, 1, 2, 
3, etc. It will be clear that if the amplitudes of the component 
vibrations are equal, AB and BC are equal, and the resultant 
motion will be represented by a circle. In the case of the ellipse, 
the equations representing the two simple harmonic motions may 
be regarded as 


a: = a sin cu and y = 6 sin (a> + 6) 


where 6 represents the phase difference. The ratio of the ampli¬ 
tudes, 6/a, is given by tan a, where a is the inclination of the axis 
of the ellipse shown in the figure (p. 141) to the x-axis. The value 
of 9 can also be found, for OB gives the maximum value of y, 
which is 6; and OC, the value of y when x = 0, is 6 sin ^ ; hence 


sin 0 = 


OC 

OB* 


If the periods of the two vibrations are different, the same 
method of finding the resultant motion is used as in the above 
cases, but now the arcs of the circles denoting equal intervals of 
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time do not subtend equal angles at the respective centres In 
(c) the ratio of the frequencies is 2 ; 1, and the two components are 
in the same phase, while in (c?) the frequencies are in the same 
ratio, but there is a phase difference of 7 r/ 2 . 



It W’ill be obvious to the student that the Lissajous' figures 
described above are comparatively simple. But any combination 
of two simple harmonic motions at right angles can be dealt with 
in a similar way, and the student should try a few more difficult 
exercises in which the two motions are of different amplitudes 
and periodic times and also have a phase difference. 

The method of procedure is the same in all cases. If tlie ampli¬ 
tudes of the two motions are different, the diameters of the semi¬ 
circles must be made proportional to the amplitudes. If the 
periodic times are different, the circumferences of the semi-circles 
must be divided into a number of equal arcs proportional to the 
two times, and when the two motions are not in phase, due allow¬ 
ance inust be made when fixing the starting points on the circle. 

As is indicated on p. 137, the frequency ratio of the two 

motions can be read off from any particular pattern that is 
produced. 



CHAPTER VII 


DISSONANCE AND CONSONANCE: 

COMBINATION TONES 

DISSONANCE AND CONSONANCE 

Simple tones. When two tones of the same frequency are 
sounded together, no beats are produced ; but if the frequency 
of one is gradually increased, the number of beats increases. Very 
slow beats are not unpleasant, but as the number increases so does 
the unpleasantness, and a stage is reached when this becomes a 
maximum. The phenomenon is known as dissonance or discord, 
and it may be compared with the irritating effect on the eye 
caused by a flickering light. Thus so far, it appears that discord is 
due to beats. But the effect does not depend merely on the num¬ 
ber of beats, for it varies with the absolute frequencies of the tones 
which give the beats. In the neighbourhood of c", frequency 
512, the harshness seems to be a maximum when the number of 
beats is about 32 per second. But if we sound C, frequency 64, 
together with G, frequency 96, thus producing the interval the 
fifth, we also have a frequency difference of 32 and yet there is no 
trace of harshness. The accompanying table indicates a few 
musical interv’als with a frequency difference of 32 between the 
two tones, producing a varying degree of dissonance. 


Interval 

Tones 

Frequencies 

No. of beats 
per second 

Semitone 

b', 

c" , 

480, 

512 

32 

Tone 

d', 

e' 1 

288, 

320 

32 

Minor Third 

e. 

9 

160, 

192 

32 

Major Third 

c, 

c 

128, 

160 

32 

Fourth 

G, 

c 

96, 

128 

32 

1 Fifth 

c, 

G 

64, 

96 

32 


The following table, due to Mayer, who investigated this sub¬ 
ject, gives the series of values for the frequencies of the beats 
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when discord is a maximum and when the sensation of liarshness 
disappears. 


Frequency of 
lower tone 


64 

128 

256 

384 

512 

640 

768 

1,024 


No. of beats per second 

Ma.ximum discord 

Harshness disappears 

6-4 

' 16 

10-4 

, 26 

1 18-8 

' 47 

240 

60 

' 31-2 

78 

360 

90 

43-6 

1 

109 

540 

135 


It will be noticed that the ratio of the frequencies of the lower 
tone and the one which produces maximum discord gives an 
interval of approximately a semitone in every case, and this 
interval is usually regarded as a discord. Also the harshness dis¬ 
appears when the interval between the two tones is approxi- 
mately 1-2 or 6/5, and it will be noticed that this interval is a 
minor third So far, over a fairly wide range of frequencies, it 
seems that discord is only likely to occur when the two tones lie 
within the interval of a minor third. Hut some of the intervals 
peater than a minor third are extremely dissonant, the seventh 

being one of the most dissonant of all ; hence the problem must 
be examined further. 

Complex musical sounds. It must be remembered that in the 
discussion above, the sounds have been simple tones. But 
musical sounds are complex, consisting of the fundamental tone 
and a number of overtones, and it is necessary to consider how 
tar the overtones contribute towards dissonance and consonance 

It we assume that the source of the two sounds is such that 

the overtones are m a harmonic series, we find in the case of the 

octave that the frequencies of the overtones are as shown in the 
upper table, on page 144. 

Here it will be noticed that all the overtones of the higher note 
are m unison with overtones of the lower note ■ hence there 
cannot be any discord. Looking at the figures at another angle 
we find tnat the smallest difference in frequency (except unison) 
between any two overtones of the notes is 256. Hence, since for 
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1st Note 

Octave 

Fundamental 

; 256 

512 

1st overtone 

, 512 

1024 

2nd „ 

768 

1536 

3rd „ 

1024 

2048 

'4 th 

1280 

2560 

5th 

1536 

1 

6th ,, 

1792 

7th 

2048 


8th 

2304 



maximum discord this difference must be about 19 (see table, 
p. 143), we see that not only the fundamentals, but also the over* 
tones are constant. Thus an octave is an interval of the highest 
consonance. 

Now consider the upper note to be lowered a semitone in pitch, 
thus giving an interval of a seventh. The frequencies of the 
fundamental and several of the overtones are given in the table. 



1st Note 

2nd Note 

Fundamental ' 

256 

480 

1st overtone 

512 

960 

2nd ,, 

768 

1440 

3rd ,, 

1024 

1920 

4 th ,, 

1280 

2400 

5th ,, 

1536 


6 th „ 

1792 


7th 

2048 

1 


and if the differences in frequency between various overtones are 
compared with the table on p. 143, it is clear that dissonance 
occur. This can also be seen by noticing that each overtone of the 
upper note which in the octave coincided with an overtone of the 
lower note is now a semitone out of tune with it and so will give 

rapid beats and dissonance. . 

It is interesting to note that when the two soimds are simple 
tones, the dissonance of the seventh almost disappears, although it 
sounds a somewhat unusual interval. That it does not entirely 
disappear is partly due to combination tones (see p. 148). 

Thus, in order to determine theoretically whether an interva 
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is consonant or not, we must consider not only whether beats 
may occur between the two fundamentals, but also whether beats 
may occur between the overtones. 

Coincidence of two overtones. Now consider an interval, say 
and assume that the frequencies of the notes forminc^ the 
mt^val are 256 (c ) and 384 (^'). If the frequencies of the 
fundamental and the various overtones are tabulated in the form 
shomi, it will be seen that the third tone of the lower note coincides 
with the second tone of the higher note ; also the sixth tone of the 
lower coincides with the fourth of the higher. 


Lower note. 256 512 

768 

1024 1280 

1536 

Higher note. 384 

* 768 

1164 

1536 


Hence the orders of the two coincident tones will determine the 
ratio of the frequencies of the two notes forming the interval. 
Thus the ratio in this case is 3/2, and this is true of all intervals! 

Mistuned intervals. Now consider the etfect on tlie pairs of 
coincident overtones of enors in the tuning of the notes, takim' 
as our first example a mistuned octave in wihch the frequencies of 
the notes are 256 and 129. The fretpiency of the first overtone 
of the lower note is 258, and this \vi\\ give 2 beats per second with 
the fundamental of the higher note ; a similar thing happens 
when the frequency of the loAver note is 127. If we now consider 
the higher note to be mistuned so that the frequencies are 257 
and 128, we find there is only 1 beat per second betAvecn the 
fundamental of the higher note and the first overtone of the 
lower. Thus, if the frequency of one of the notes is inaccurate by 
1 vibration per second, the number of beats is 1 or 2 accordim^ as 
the inaccuracy is in the upper or loAver note. 

Now examine the mistuned fifth, in which the frequencies of 
tile notes are 128 and 191 (instead of 192 for tlie accurate inter¬ 
val). The frequency of the second overtone of the lower note is 
384 and that of the first overtone of the higher note is 382 ; thus 
there are 2 beats per second with these two tones. If the mis- 
tuning is such that the frequencies are 129 and 192, the number 
of beats given by the same corresjionding overtones is 3. The 
relation between other overtones could of course he examined in a 
similar way. Hence in both cases, mistuning the lower note ‘fives 
the larger number of beats per second. 

Since we find, Avlien an interval is not true, that those overtones 
of the two notes which ought to be in unison are in a condition for 
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producing beats, it follows that the greater the number of ammon 
overtones, and the stronger these overtones are, the greater will 
be the dissonance produced by mistuning the interval, and so the 
greater the accuracy with which the ear adjusts itself to such an 
interval. In the case of the octavey which has perfect consonance, 
all the overtones of the higher note are in unison with overtones 
of the lower ; hence this interval is rather easy to tune. In the 
fifihy the alternate overtones of the higher note are in unison with 
overtones of the lower ; this interval is used in string instruments 
and makes possible their accurate tuning. In the fourth every 
third overtone of the higher are in unison with overtones of the 
lower. The student should examine other intervals in a similar 
way ; it will be found that, as the consonance decreases, it is a 
higher and higher, and therefore less important, overtone that is 
in unison. 

Thus, an interval is more consonant the greater the number 
and the lower the overtones which are common to the two notes. 

Classification of intervals. Helmholtz classified consonant 
intervals as follows : 

Absolute consonances : The octave, the twelfth and the double 
octave. 

Perfect consonances : The fourth and the fifth. They are called 
perfect because they may be used in any part of the scale without 
important disturbance of harmoniousness. 

Medial consonances : The major third and the major sixth. 
These intervals are distinctly dissonant if they occur in the lower 
part of the scale, but they are comparatively smooth in the higher 
part. 

Imperfect consonance's : The minor third and the minor sixth. 
Note that these intervals are the inversions (the defect of an 
octave) of the major sixth and the major third respectively. 

It should be noticed in connection with the above classification 
that, if a given interval is increased by an octave, there is a very 
marked effect on the degree of consonance. For example, if the 
fifth is increased by an octave, the interval becomes a twelfth, and 
so it passes from the list of perfect consonances to that of absolute 
consonances. But if the fourth is increased it becomes more 
dissonant, as will be seen from the following arrangement of the 
two intervals : 

Fourth 

Octave C c 
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there is marked beating between the fundamental of one note (/) 
and the second overtone (g) of the other, while there is also beat- 
mg m the higher orders of overtones. The student should ex- 
amme the efiFect of increasing other intervals in a similar way. 

Attention has been limited so far to those sources of sound, 
such as a piano, where the overtones are in a harmonic series of 
^minishing importance, and only the first few need be considered. 
But there are several other interesting cases that can be men¬ 
tioned. When a stopped organ pipe is blouii/ee6/y, very nearly 
simple tones are produced, and if a minor sixth is sounded with 
such pipes the interval loses much of its harshness. Then again 
a musical interval can be obtained by using two different instru¬ 
ments, the two notes then being of different quality. It is 
interesting to consider whether there is any difference in the 
degree of consonance according as to whether one particular 
instrument is selected for the high note or the low note. Suppose 
an oboe and a clarinet give a major third (say, C-E), and in the 
first instance let the lower note be assigned to the oboe. As an 
oboe gives the full series of overtones and the clarinet only the 

odd members of the series, the arrangement of the various tones 
may be \\Titten as follows : 


Oboe C 


c 

9 

d 

d 

9’ 

Clarinet 

E 



/ 

h 




Here we have two semitones beating intervals as indicated, which 
will produce a certain amount of harshness ; but if the lower note 
IS played on the clarinet we find that there are no intervals 
which beat and the interval is more harmonious : 

Clarinet C 9 e' 

Oboe E e he' 

It will be seen therefore that the whole subject of dissonance 
and consonance of intervals produced by musical notes is quite a 
complex problem, since it involves in every case a consideration 
of both the number and the prominence of the overtones present. 
Later it will be showm that the problem is further complicated by 
the presence of combination tones. 

A graphical representation of the changes in dissonance which 
take place when the interval between two notes is gradually 
altered is instructive. If both notes are originally tuned to c' 
and then, while one is kept at this pitch, the other is gradually 
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raised in pitch to c", we shall get the conditions indicated in the 
diagram. The ordinates represent the relative amounts of 
dissonance and the abscissae the notes giving the well-knoAvn 
intervals. It wiW be seen in particular that when the two notes 
give a true octave, dissonance is a minimum at zero ; but if there 
is slight mistuning on either side, the curve rises very sharply to a 
maximum of dissonance. A similar state of affairs is noticeable 
when the fifth is sounded (c'-g), but the effect is not so p^- 
nounced. In fact, all the well-known intervals are represented by 
dips in the curve and are more or less bounded by more or less 

strong dissonance. 

Combination tones. If simple tones instead of compound notes 
are employed to obtain mu.sical intervals, we still get dissonance 
when, say, n fifth or an octave is slightly mistimed ; and it is well 
known that the accuracy with which the ear is able to detect an 
untrue interval is very considerably less with pure tones than witn 


compound ones. ^ 

The explanation of dissonance given above will not account lo 

this. Helmholtz has explained the dissonance of simple 
being due to the beats produced by what are called combination 
tones. These tones were first discovered by the organist borgt 
about 1745, but aftenvards became kno^vn through 
violinist Tartini, and were called Tartini's tones. The most 
important t\'])e of combination tone is known as the 
tone owing to the fact that its frequency is equal to the dmeren 
of frequencies of the two generators ; this is the t 3 r'pe 
by Sorge and Tartini. There is also a summation tone, the ir - 
quencv of which is the sum of the frequencies of the genera ors , 
this is much weaker than the difference tone and was discover 


much later. 
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One important condition for the production of combination 

^nes IS that the generating tones shall be sounded stronglu 

Hitherto in considering the result of the superposition of two 

of waves in air or in any other medium, we have assumed 

that the displacement of any particle due to the two systems is 

sma I, so that the restoring force is exactly proportional to the 

displaceinent. But in two systems where the amplitude is so 

large that this proportionality no longer exists, it lias been shown 

by Helmholtz that, in addition to the two primar\' wave-systems 

o frequency m and n, there will be produced two secondary 

systems of which the frequencies will be n - m and n + m These 

will correspond to the difference tone and summation tone 
respectively. 

Such tones have been produced by using two harmonium reeds 
as the source, and they have caused suitably tuned resonators to 
respond. In some cases the body in which these tones are pro¬ 
duced may be the ear itself, for the bones and membranes which 
convey the sound from the outside drum to the nerve terminations 
form an arrangement such that, when violently disturbed the 
restoring force would not be proportional to the displacement. 

1 he tones of frequencies n - m and n + m are known as first-order 
combination tones to distinguish them from those of higher orders 
These latter are produced by combination of one of the generators 
with one of the combination tones ; for example, the second-order 

tones are given by one of the generators and one of the first-order 
tones, and so on. 

Thus we shall have the following tones and frequencies : 

First-order difference tone : n - m. 

First-order summation tone : 71 

Second order difference tones : 7i-2m, m, n. 

Second-order summation tones : 'ln-yn\ 2« + n+2m, 

and so on. 

It will be noticed that the first-order difference tone has a 
frequency exactly equal to the number of beats produced between 
the Uv o generating tones. Koenig maintained that the production 
of these tones Mas due to the coalescence of the beats to give a 
musical tone, and he called such sounds beat-tones. This livpo- 
thesis, hoivcver, can not be regarded as entirely valid. In the 
first p ace combination tones can be generated by pure tones 

reatrr' previously we have supposed that 

beats cannot occur between pure tones separated by an interval 

uch greater than a minor third. Again beat.s can be heard when 
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two quite faint tones are sounded together, but combination tones 
only occur when the two generators are sounded strongly. Also, 
Koenig’s hypothesis does not explain the existence of the sum¬ 
mation tones, though it has been established quite definitely that 
such tones do exist. Koenig held to the view that, if such tones 
are heard, they were due to beat tones produced between some 
of the upper overtones of the generators. Combination tones can 
be readily heard on a harmonium if the generators are sufficiently 
strong, and particularly so if the upper of the two generators is 
kept the same while the lower one is made to descend down the 
scale, for here the difference of frequency between the two 
generators is increased and the pitch of the difference tone is 
raised. 

To obtain the difference tone on a harmonium, sound the diad 
represented by c" and a' as the generating tones. This interval 
is a minor third, and the frequencies can be taken as 512 and 427 
respectively. The first-order difference tone will therefore have a 
frequency of 85, which is the tone F, an interval of a twelfth 
below c\ To get the summation tone, sound first the note c (128) 
and then add to it the note F (85). The frequency of the summa¬ 
tion tone will be 213, which is the tone a, a major sixth above c. 

A very good example of a difference tone is provided by the 
double whistle used by referees in football matches. In this there 
are two short pipes side by side giving tones of slightly differen 
pitch. The first-order difference tone is therefore of low frequency 
and can easilv be heard, and it is this tone which gives the 
characteristic quality of these whistles. 



CHAPTER VIII 


FORCED AND FREE VIBRATIONS: 
VIBRATIONS OF AIR COLUMNS 


When a simple harmonic force is applied to any object which is 
capable of vibrating, it produces a simple harmonic motion in that 
object, though the amplitude may be very small. Also, all ob- 
jects capable of vibrating have a natural period of vibration 
which depends generally on the dimensions of the vibratinir 
object. These tAvo facts are used in the following discussion. 

Consider a heaA^y pendulum A to be suspended from a point O 
and let a small pendulum B be attached to the suspension at A' 
below O. When .4 is set in motion B Avill be given a periodic 
force, the period being equal to that of .4, and since A is large 
compared Avith B, the latter aviII not appreciably alter the motion 


Let the period of 4 be T and the length of the equivalent 
simide pendulum be L. When .4 is started, B also will be .set in 
motion, and the amplitude of the motion Avill first «rradualiv 
increase, then decrease and then increase again. These crradua- 
tions will soon become less marked, and finally the ainplitude 
will remain at a con.stant value. It will be found then that the 
peiiod of B i.s exactly the same as that of the large pendulum, and 
also both pendulums will be practically in tlie same pha.se, that is 
Avhen the bob of .1 moves to the right B does the .same. Now, since 
the length of the small pendulum is less 

than that of the larger one its natural rO 

period of vibration is less ; hence since it ^ j 

is vibrating Avith the same period as .1, it Cr-X- _ _ — /x 

is clear this is not its natural period, that / 

is, it is forced to vibrate by the external / 

agency Avith a period not its own. / 

Vibrations produeed in this way are / 

called forced vibrations, and in such ol _ A \ 

cases the period of the object forced ^ ~ ~ 

to vibrate is equal to that of the X A 1 

applied force. Oa w 
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There are two other cases in connection with the above experi¬ 
ment which must be considered. In the first place, if CB is 
greater than L, so that the natural period is greater than the 
period of .-1, then at the start the same alternations in amplitude 
will occur. But when a steady condition has been reached, the 
period of B will again be equal to that of In this case, how¬ 
ever, the phase of B will differ from that of A by nearly 180°. 
Secondly, if CD is exactly equal to L, there will be no alternations 
of amplitude when the motion starts, but the amplitude of B 
will steadily increase and finally reach a value much greater than 
in the preceding cases. Here both pendulums have the same 
period of vibration, but it is the natural period in each case. 
Thus, when a periodic force acts on a pendulum—or any other 
object capable of vibrating—and the period of the force agrees 
with the natural period, the amplitude of the resulting motion is 
much greater than when the two periods differ. In such cases 

the phenomenon is termed resonance. 

If, when an object is executing forced vibrations, the applied 
force is stopped, the object will continue to vibrate, but the 
vibrations will be of the same period as the natural period of the 

object ; such vibrations are said to be free. 

The amplitude of any forced vibration can be calculated in 
terms of the amplitude of the applied force and the two fre¬ 
quencies concerned, and the results may be exhibited graphically 
as in the diagram. Here, the ordinates represent the ratio of the 
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amplitude (a) of the forced vibration to that (A) of the applied 
force, and the abscissae represent the ratio of the frequency (N) 
of the applied force to that (n) of the natural frequency of the 
object which is forced to vibrate. Looking at the smooth curve, 
it will be seen that ajA becomes infinite when Nju is equal to 
unity. This is the case for resonance, for N =n. and the amplitude 
of the vibrating object should be infinitely large. In practice, 
however, this is not attained, because there is always a damp¬ 
ing force to be considered. As the ratio Njn becomes smaller, 
that is, as the frequency of the applied force becomes less than 
the natural frequency of the object, the value of ajA falls rapidly 
until it becomes .equal to unity for small values of Njn, and in 
this case the amplitudes are equal. 

Now consider the case when N>n, that is, the frequency of the 
applied force is greater than the natural frequency of the object, 
so that Njn is greater than unity. The results are represented in 
the diagram by the dotted curve. Here, the amplitude of the 
forced vibration again falls so that ajA decreases, and when N 
becomes very large the amplitude of the forced vibration is re¬ 
duced to zero. In this case, the phases of the two vibrations are 
opposite and the ratio of the amplitudes ajA is regarded as 
negative. 

Damping and sharpness of resonance. When a vibrating object 
produces a sound, the energy of the waves which travel outwards 
is derived from the energy of vibration of the object. But a 
certain amount of energy is always lost in the form of heat due 
to visco.sity of the particles of the object and friction, and this 
loss causes a gradual decrea.se in the amplitude of the vibrations, 
which are now said to be damped. 

If A 1 , A. 2 , etc., are the amplitudes of successive vibrations, the 
ratio A j/Ag =-U Ag = ...; tliis constant is known as the decrement, 
and this measures the damping. Hence we have 

log Aj - log A 2 = log (con.st.) 

and this difference between the logarithms of successive ampli¬ 
tudes is called the logarithmic decrement (cf. this with the 
logarithmic decrement of, say, a ballistic galvanometer). 

The effect of damping becomes relatively more and more im¬ 
portant as resonance is ap])roached. In order to maintain vibra¬ 
tions under conditions of damping, it is necessary to supply 
correctly timed impulses from an external source, this rate of 
energy being called the power dissipation. At resonance, the 
amplitude and the power dissipation reach a maximum. By 
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considering how the power required to maintain vibrations against 
the losses varies near resonance, it can be shown that the energy 
dissipated at a frequency jp very near resonance is half the 
resonance value when 



(approximately), 


where n is the natural frequency and k is the damping constant, 
which can be obtained from the logarithmic decrement of the 
vibrations (logarithm of decrement =4'T, where T is the periodic 
time) ; that is, when the frequency of the applied force differs 
from tliat of the resonator by the fraction kjn. This ratio kjn 
constitutes a measure of the sharpness of resonance, and the 
reciprocal njk is sometimes referred to as the persistence of the 
vibrations. 

It will be seen that the smaller the damping and the higher the 
natural frequency, the sharper will be the tuning and the greater 
the persistence of the vibrations. For example, a tuning fork is a 
vibrating system in which the damping is very slight; hence 
resonance between two forks will not occur unless the tuning is 
verv exact. 

V 

On the other hand, in cases where faithful reception or repro¬ 
duction of sound over a range of frequencies is required, reson¬ 
ance is very undesirable. Hence in such cases the system should 
have a natural frequency as far removed as possible from the 
frequency of the applied force, or alternatively, the system should 
be heavily damped. 

If a current of air is directed across the mouth of an empty 
bottle, a definite musical note will result, and the pitch of the note 
cai\ be raised by partially filling the bottle with water, or lowered 
by partially covering the opening with a card. If now a fork oi 
frequency, say 512, is set vibrating and is held over the mouth of 
a bottle which is tuned to this frequency, the sound of the fork 
■will be reinforced, because the air in the bottle is forced to vi¬ 
brate. If the fork be loaded with wax so as to reduce its frequency, 
and the experiment repeated, the bottle will still reinforce the 
sound, and almost as strongly as before. Thus the bottle which 
acts as a resonator is not very selective. The reason is that the 
rate of damping of the vibrations of the air is very great and the 
vibrations die out very quickly. 

In the case of a stretched string, the damping is as a rule 
greater than for a timing fork, but much less than for a volume 
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of air , hence the sharpness of resonance is intermediate between 
that of the fork and of the air. 


EXAMPLES OF FORCED VIBRATIONS 

The phenomena of forced vibrations can occur with any 
vibrating system, and are not necessarily confined to those vibra¬ 
tions which produce sound. As an example of forced vibrations 
we might consider the behaviour of two clocks which yiearbj keep 
the same time when on separate stands. If they are put on the 
same stand, the vibrations of the pendulums cause the stand to 
vibrate slightly, and each pendulum exercises a periodic force on 
the other. The result is that, after a short time, both pendulums 
settle down to the same rate of vibration and keep exactly the 
same time. The \ibrations in each case are forced vibrations, and 
the final frequency is slightly different from the natural’ fre¬ 
quencies of both. 

Sounding boards. If a stretched string, or a tuning fork, is set 
in vibration, the sound from it is very feeble, unless it is attached 
to a sounding board. When this is done, as in the case of the 
sonometer and stringed instruments, quite a loud sound will be 
heard. The string alone is in contact witli only a small quantity 
of air, so that when it vibrates it sets a very small amount of air in 
vibration. Also since compression occurs on one side of tlie strim^ 
at the same time as rarefaction on the other, inteference further 
reduces the effective sound. But when tlie string is stretclicd 
upon a board and plucked, the periodic force is communicated 
to the board through the bridges, and the board is forced to 
vibrate, tliough probably not at its own natural frequency. As 
the board is in contact with a comparatively large amount of air, 
the energy of the air set in motion in a given time is much greater 
than if there were no board. Of course, the vibrations of the 
string die away more rapidly when the sounding board is used, as 
the energy is radiated away more quickly. 

It may be noted that a sounding board is a very important 
factor concerning the quality of the note. If the vibrations of the 
string Itself are exactly all that are desired, then the bridcres and 
the sounding board must reinforce the sound without chaime in 
character and convey them to the air. But if the vibratioL of 
the string are defective in any way, then it is the duty of the 
bridge and board not only to reinforce but also to imiirove the 
vibrations so that the desired quality is obtained. It is not 
possible to specify what kind of sounding board is necessary for 
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any particular purpose, but it is probably true to say that the 
nature of the wood and its seasoning, also its dimensions, are very 

important. . r i • 

The case of forced vibrations produced by a tuning lork is 

similar to that of the string. If held in the hand, the sound of the 
fork is feeble, but if the stem is pressed upon a table, this is set 
into vibration, and so a greater quantity of air is also set vibrat¬ 
ing. That this is not a case of resonanqe is seen from the fact that 
the same table will reinforce the sound when tuning forks of 
different frequency are used. 

EXAMPLES OF RESONANCE 

There are many examples of resonance. If two forks have 
exactly the same frequency and one is vigorously bowed and then 
held near the other, the second will be found to be vibrating ; 
similarly, if two strings stretched upon the same board have the 
same frequency, then on bowing one of them, the other will 
vibrate. Soldiers marching over a suspension bridge always 
break step in case the period of vibration of their marching 
should coincide with that of the bridge and cause the latter to 
start vibrating dangerously. Again, when the “ loud podal o a 
piano is depressed and a note is sung loudly, some of the strmg 
will be found to be “ resounding This is because the natural 
frequencies of the strings are exactly equal to the frequencies oi 
the vibrations of which the sung note is comprised. Ihe 
intr ■’ of a wireless receiver is an example of resonance between 
electrical circuits. When we “tune” the receiver we merely 
adjust the natural frequency of the oscillations in the receding 
circuit to that of the incoming waves. This ty^e of resonance w 

be more fullv dealt with later. fnnrp 

The phenomenon of resonance is of great practical importan , 
particiilarlv to engineers, for if any quite small periodic torce 
brought to bear on some structure or machine having the sa 
natural period, vibrations of very great magnitude may be , 
These vibrations are generally accompanied by stresses, ana u 
amplitude becomes great the stresses may exceed the elastic iin 
and the structure be damaged. Hence the period af t o p 
force should not agree with the natural period of ^he strucru ^ 
An example where the effect of resonance is very marked occ^ 
in ships fitted with reciprocating engines. Owmg to n 

of the reciprocating parts, a periodic force is applied to the n , 
and if the period agrees with the natural period ot ® ^ 
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marked vibration is set up. If, 
however, the two periods are 
different, resonance no longer 
occurs and the vibration caused is 
very much reduced. 

The intensity of the sound 
emitted by a tuning fork can be 
considerably strengthened by the 
aid of resonance. The prongs of a 
fork have not a very great area, 
and they are not capable of setting 
any great quantity of the sur¬ 
rounding air in violent vibration, 
for the air on the side to which 
the prong is moving can slip round the edge of the prong, and so 
partly fill up the rarefaction produced on the other side. In 
addition, the interference which takes place between the waves 
emitted from the two prongs reduces the intensity of the motion 
produced in the surrounding air. But if the fork is mounted on 
a hollow box of such a size and shape that the air inside the box 
has a natural frequency equal to that of the fork, when the fork is 
sounded resonance occurs and the intensity of the sound is greatly 
increased. 

Electrical resonance. It has already been indicated that the 
phenomenon of resonance can occur with electrical vibrations, and 
various experimenters such as Sir Oliver Lodge and Hertz iiave 
demonstrated how such resonance effects can be obtained. 

Theoretically, it can be shown that in a circuit containing an 
alternator, a resistance {R), a capacitance (C) and an inductance 
(L) connected as indicated in the diagram, the maximum current 
flowing in the circuit is given by : 



I 


max. “ 



max 


V 


The denominator here is called 
impedance, and the quantity 

1 


the 


‘InnL- 


'l-nnV 


the reactance, n being the frequency 
of the oscillations. If 


'IrmL — Xl'lirnC 
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the inductance effect neutralises the capacitance effect and the 
current has the same value as in a circuit of resistance R only. 

When this state of affairs occurs, the frequency n is ll'InjLC and 

the period T is 27tJLC. If the frequency n of the alternating 
current is fixed, we can arrange for this state to occur by altering 
L and C and the circuit is then said to be in resonance with the 


alternating current. 

In the above case the oscillations are due to the applied 
alternations of the generator. But oscillations may occur as the 
result of a single disturbance in the electrical state of a circuit 

containing inductance and capacity, 
^^2 ^ and such a circuit will have its 

J * ^ natural period depending on the 

g I values of L and C. Consider the 

g [_ Q —I— g . circuit represented in the diagram, 

g [~ When is closed, the condenser is 

S _J charged by the battery and electrical 

I-1 energy is stored in it. On opening 

and closing Ag, current flows 
through the LC circuit and continues until the condenser is 
discharged. But the inductance L prolongs the current, keeping 
up the flow in the same direction, with the result that C becomes 
charged in the opposite direction. Discharge again occurs with 
the direction of flow reversed, and the process is repeated until all 
the energy is dissipated. Thus a high-frequency oscillation is 
started in the LC circuit, and this would persist indefinitely if 
there were no resistance at all in the circuit, a state of affairs which, 
how'ever, does not obtain in practice. This oscillating circuit has a 
natural frequency of its own which can easily be found. At the 
instant when maximum current is flowing, the P.D. across L is 
27r/L/niax.> across C it is But these two p.d.’s 

are equal. 


Hence ^Tr/'Z^/max. , 

and the frequency / 

When an alternating e.m.f. is applied to a circuit, the impedance 
is + (’Ztt/L - and this will be a minimum when 


27TfL = ll27TfC, 

that is, when the frequency of the applied e.m.f. is equal to 
1/27 tn'^LC. But this same expression 1/2 ;t\ 'LC gives the natural 
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frequency of a circuit of inductance L and capacitance C when 
the resistance is low. Thus the alternating current in any circuit 
due to an applied e.m.f. is greatest when the frequency of the 
applied e.m.f. is the same as the natural frequency of the circuit, 
that is, when the two are in resonance. Such circuits in practice 
are known as series-resonance circuits, and they are used in tunint^ 
wireless receivers. 

Other cases of resonance. Since, according to the electro¬ 
magnetic theory, light and heat are assumed to be identical with 
the electro-magnetic disturbances which are radiated from objects 
in which electrical oscillations are taking place, and since the 
electrons in the medium through which the energy passes are 
capable of vibrating with a definite period, resonance effects are 
found in both light and heat. For a full discussion of these the 
reader should consult appropriate books on the subject. 


VIBRATIONS OF COLUMNS OF AIR 

Closed and open pipes. When a tuning fork or some other 
source of definite frequency is sounded over the top of a column 
of air in a pipe, the air is forced to vibrate, and if the air column 
is of such a length that its natural period of vibration is identical 
with that of the source, resonance occurs and the sound is thereby 
strengthened. 

It has been stated previously (p. 82) that stationary waves can 
be set uj) in both a closed jupe and an open one, and the vibrations 
of such a column of air are analogous to the longitudinal vibra¬ 
tions of a solid rod. Since a j>ulse of comi)ression is reflected as a 
rarefaction at an open end and as a compression at a closed end, 
it is evident that a wave must travel twice the length of a closed 
pipe before the wave repeats itself. The simple theory indicates 
that in such a pipe, there must be a node at the closed end and an 
anti-node at the open end, and the length {1) of the pipe must be 
an odd multiple of A/4, that is, ^ = .9A/4, where 5 = 1, 3. 5, etc. The 
overtones therefore form an odd harmonic series, the frequencies 
being given by 

fE 


where s is an odd integer. For a pipe open at botii ends, eacli end 
must be an antinode and the length of tlie pipe a multiple of Xl‘> 
that is, l = «A/2, where s = 1, 2, 3, 4. etc. In this case, therefore! 
we have a complete harmonic series. It will further be noticed 
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that, according to the simple theory, the frequency of the funda¬ 
mental note of an open pipe should be twice that of a closed pipe 
of the same length (but see below). 

Extension of simple theory. In the above discussion, it has been 
assumed that there is an antinode at the open end of the pipe; 
but this is never quite true. A true antinode is a point of zero 
pressure variation and maximum displacement amplitude. Now 
at the open end of a tube the stationary plane waves inside are 
changing to spherical progressive waves outside ; consequently 
sound energy is being radiated in all directions from the end of the 
tube. The presence of this radiation involves the existence of 
excess pressure, which therefore means that there can be no 
antinode just at the end ; it is a short distance beyond. Hence 
the resonating column of air is longer than the length of the tube 
by an amount, known as the end correction, equal to the distance 
between the end of the tube and the position of the true antinode. 
Therefore, when a closed pipe is sounding its fundamental, the 
true relationship between length of pipe and wave-length is given 
by (Z + e) = A/4, where e is the end correction. In the case of a pipe 
open at both ends, the relationship is given by {I -I- 2e) = A/2, since 
there is an end correction at both ends. Thus the interval be¬ 
tween the notes given by an open and a closed pipe of the same 
length will be 

4(^-!-e) 

2(/-f2e)* 


and this is less than 2. Hence, the open pipe, instead of giving 
the octave of the note given by the closed pipe, gives a somewhat 
lower note. 

At this stage we might consider briefly the effect of having a 
flange at the end of the pipe. In the diagram is shown a pipe of 
diameter 2a, small compared with the wave-length, and with the 

open end fitted with a theoretically 
infinite flange so that the spherical 
waves radiate only in the hemis¬ 
phere to the right. It can be sho'v^ 
that, under the conditions stated, 

\ the ratio of the radiated intensity 
to the incident intensity at the 
end of the tube is approximately 
Sn^a^jX\ while if the flange be 
removed, the corresponding ratio 
is approximately 47r*a^/A^. Thus, 


T 

la 

±_ 


Plonc wove 


Sphcr'icoi 


wove 
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if the flange is removed, we get less radiation—a strange result at 
first sight, for we should expect that the opening to the free air 
would allow the energy to escape more easily than when a flange is 
present. But it must be remembered that as the area is increased 
so is the amount of reflection, and the amount radiated out becomes 
less. 

giving values to a and A in the above expression, we can 
obtain an indication of the amount of radiation at the end of tlie 
pipe. For example, if a = 1 in. and A = 50 in., we get for the ratio 
of the radiated intensity to the incident intensity a value of 3-2 
per cent., which indicates how small is the amount of sound 
energy dissipated from the open end of a pipe Avhen the radius is 
small compared with A, a necessary assumption in the above dis¬ 
cussion. It follows then tiiat a small opening is rather inefficient 
for the egress of sound, and incidentally also for the entrance of 
sound. It would appear that if one wanted to get more sound out 
of a pipe the thing to do is to increase the diameter of the opening ; 
but if this is done suddenly, reflection is encouraged. If, how¬ 
ever, the end is built up bell-like, the transmission from the’inside 
to the outside and vice versa is increased, and in this connection 
it may be noted that a funnel-shaped end acts not so much to 
collect the sound as to supply easier ingress. 

So far as the value of the end correction is 
concerned, it has been calculated that without 
a flange it is 0-57r, where r is the radius of 
the pipe ; but if the tube has a flange at the 
end, the correction to be applied is 0-82/*. ^ 

The correction to the end of a pipe can al.so be 
expressed in the form Ajc^, where *l is area of 
cross-section of the pipe and Cq is the conduct- 
iviiy of the opening of the pipe (see p. 174). 

D 

EXPERIMENTAL WORK 

The principle of resonance can be used to 
determine the velocity of sound in air and 
other gases, and for the purpose the apparatus 
sho^vn in the diagram can be set up. Raise 
the reservoir B until the water in the tube 
stands near the top of the resonance tube ,4. 

Set the fork vibrating and hold it over the 
mouth of .1, at the same time adjusting the 
length of the air column in .4 by moving the 
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(a) 


N 


N 



(b) 


X 

2 


reservoir up or down until the first position 
of resonance is obtained; mark the position 
(C) on the tube corresponding to this length. 
Now lower the reservoir and consequently 
the water level in A until the air column 
again resonates ^vith the fork, and let the 
water-level now be at D. CD is equal to 
A/2, from which the value of A can be ob¬ 
tained and the velocity calculated from the 
relationship V = nA. By obtaining the two 
positions of resonance there is no need to 
worry about any end correction. For, if li 
and U are the lengths of air columns corre¬ 


sponding to the positions of resonance, we have 


(/i+e)=A/4 and (/2+€)=3 A/4 
from which (k-'h) =^/2. 

Since the velocity of sound is influenced by temperature, it is of 
course necessary to read the temperature at the time of the 
experiment. 

The above apparatus can also be used to determine the velocity 
of sound in a gas such as carbon dioxide. The tube A should be 
filled by the method of downward displacement, but since some 
of the gas will dissolve in the water, care should be taken to 
ensure that the tube is full of the gas and not a mixture of gas and 
air. The ratio of the experimental results for air and carbon 
dioxide can be checked by calculation. Since, in general. 


we have 



and if we consider p to have the same value in both cases, we have : 


VI,r 1*41 xScO. 

Vho, 1*29x8,:,* 

It is left as an exercise for the student to consider how the experi¬ 
ment would have to be modified to find the velocity in a gas less 
dense than air. It is important to realise however, that in any 
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calculation using the relationship V — sjypjh^ the correct value of 

y should be taken. In the case of the rare gases, helium, argon, 

neon, krj'pton and xenon, which are regarded aa monatomic, the 

value of y is about 1-66. For gases like hydrogen, oxygen and 

nitrogen, regarded as diatomic, and also the'mixture constituting 

air, the value is 1*41, while for triatomic gases like carbon dioxide 
it is 1*29. 

In the experimental work above, it is instructive to use a 
graphical method to find both the velocity of sound and the end 
correction. A series of forks should be chosen and the correspond¬ 
ing lengths of air column in resonance found. If a graph of I 
(ordinates) against 1/n (abscissae) be plotted, the result should be 
a straight line, the slope of Avhich is 174 for a closed tube. The 
negative intercept gives the value of e, for since 

?+e=A/4 = T74n, 

we have : 


ORGAN PIPES 

The most familiar example of the vibration of columns of air 
occurs in the case of organ pipes, though of course the organ 
is only one of many belonging to the class of wind instrument.' A 
further reference to such instruments will be found in Chapter XI. 

The organ comprises a series of pipes, closed and 
open, in which air is caused to vibrate in a manner 
similar to that described earlier. There are two main 
types of organ pipes : (1) flue pipes, (2) reed pipes. 

(1) Flue pipes. These may be made of metal, in 
which case they are usually cylindrical in shape, or 
of wood, in which case they are square in section. Air 
enters the pipe at A and issues from the slot B, known 
the month, in a fine jet which impinges upon the 
“ lip ” C. Here a feeble compression or rarefaction is 
started which will travel up the pipe and be reflected 
at the other end. When once the vibration is started, 
it is increased and maintained by the energy of the 
jet, which is derived from the air forced through A 
under pressure. Consequently, a steady vibration of 
a definite frequency is set up in the pipe and a sound 
of definite pitch results. 
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The simplest mode of vibration of the 
air in a closed pipe is indicated in dia¬ 
gram (a). According to the simple 
theory, there must be a node at the 
closed end and an antinode at the “ lip ”; 
hence the length of the pipe is om- 
quarter of the wave-length of the note 
sounded. The corresponding case for 
the open pipe is indicated in diagram (6) 
and it will be seen that the length of the 
pipe is one-half of the wave-length. In 
each case the note is the fundamental, 
and as we have seen previously, the 
fundamental note given by the open pipe 


is the octave above that given by the closed pipe. 

An air column, like a stretched string, can vibrate in more than 
one way at the same time. The different possible modes of 
vibration are all subject to the condition that there must be a 
node where the pipe is closed and antinodes where the air in the 
pipe is in contact with the outside air. The next two simple 
modes of vibration for closed and open pipes are represented m 
diagrams (c) and (d). These more complicated modes of vibr^ 
tion give rise to the overtones. It will be seen that in the closed 
pipe the overtones are 3n, on. In, etc., where n is the frequency of 
the fundamental; thus the even-number frequencies are missing. 
In the case of the open pipe, the frequencies of the overtones are 
2n, 3n, 4n, etc., that is, we have a complete harmonic series. 
Hence the quality of the note given by an open pipe is clifferen 
from that given by a closed pipe. Closed pipes are usually stoppe 
by a plunger at the upper end, which can be slightly raised or 
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lowered to alter the effective length of the air column. This 
affords a convenient method of tuning such pipes. 

Open pipes are sometimes provided with a short sleeve at the 
upper end which can be moved up or do^^'n to alter the effective 
length for tuning purposes. 

Wooden open pipes are generally tuned by bending a metal 
piece which shades the top ; thus the opening at the top can be 
varied in size as desired. The pitch of the note is flattened by 
lowering the flap. This is equivalent to leyigthening the pipe, for 
the virtual open end is always beyond the actual end, and the less 
open the end is, the greater the discrepancy between the two. In 
this connection it should be noted that whereas the end correction 
at the open end of a pipe without a flange is 0-6r, that at the 
mouth which is a much smaller aperture may be as much as 1-36 
times the diameter. To sharpen the pitch of the note of the pipes 
under consideration, the flap is raised and the pipe virtually 
shortened. 




If an organ pipe is not very narrow, the note when blo^\m gently 
is very nearly a pure tone. If the pipe is narrow or the wind 
pressure is great, the pipe will give a note in which the first over¬ 
tone is very marked, while if the pipe is blown very strongly the 
first and second overtones are so strong as to 
drown the fundamental. 

(2) Reed pipes. A reed consi.sts of a flexible i||u | || 

strip of metal which wholly or nearly covers 1||1 ||| / 

the aperture through which the air pa.sses to the ||NL 

pipe. If tlic reed completely covers the aperture, Wy 

it is called a beating reed Vs in (A) ; but if it 

nearly, but not quite, closes it, it is called a free 

reed as in {/i). The beating reed is always 

curved outwards, so that as the air pressure 

closes it, the closing does not take place suddenly, I | 

but gradually. This is necessary, for otherwise 1 i i;/|y 

the note produced would be very harsh. | j Ifflp 
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Beating reeds are used almost exclusively in organ pipes, and the 
free reeds are used in mouth-organs and harmoniums. The pitch 
of the note emitted is governed mainly by the frequency of the 
reed, but in the case of the organ the vibration of the air column 
and the reed react on each other, the resulting note being deter¬ 
mined by them both. 

A reed is tuned by means of a wire W which can be pushed 
further down to restrict the motion of the reed. A free reed is 
usually tuned by carefully scraping away metal. If the scraping 
is done at the tip of the reed, the note is sharpened ; if at the base 
of the reed, the note is flattened. 

Experimental work. The positions of maximum pressure 
disturbance of the air in an organ pipe may be conveniently 

showTi by means of manometric flames 
let into the side of the pipe. A mano¬ 
metric capsule or flame is sho^vn in the 
diagram. Coal gas from the supply 
enters a small chamber by the pipe A 
and leaves by the jet B where it burns 
^vith a tall thin flame. This flame 
attachment is connected with a hole in 
the organ pipe which is covered by a 
thin india-rubber membrane C. When 
the air in the pipe is in a state o 
steady vibration, the variation in pres¬ 
sure drives the membrane in and out. 
This communicates a varying pressure to the gas, and the jet jumps 
up and dowTi correspondingly. The variations occur so rapidly 
that, owing to the persistence of vision, the eye cannot follow the 
movements of the flame without the aid of a rotating mirror driven 
at a constant speed. But when this is used, the image will appear 
serrated when the jet is in the position of a node, though when it 
is at one antinode the flame will be steady. Also, the difference in 
the effect produced when the pipe is blown gently and when it is 
blown hard can be demonstrated with the apparatus above. In the 
second case there will be t^ice the number of serrations observed 
in the first case, showing that the frequency of the note is doubled. 

Another method of finding the positions of the nodes and anti¬ 
nodes is to lower into the pipe a small paper tray containing some 
fine sand. When the tray is in the position of an antinode the sand 
grains move about on the paper, but at a node there is no move¬ 
ment. To observe the effects, it will be necessarv to have one of 
the sides of the pipe transparent. 




ELECTRONIC ORGAN 



Electronic organ. A short reference must now be made to the 
modern electronic organ which is rapidly coming into use especi¬ 
ally m places where space is limited. One such instrument 
Imown as the Compton Electrone, has been invented by Mr L E 

Co Ltd^ developed and built by the John Compton Organ 


The whole instrument consists of three components, the console 
the generating cabinet and the sound cabinet which houses the 
loudspeakers, and all three are easily transportable. 

The console contains all key, stop, piston and coupler actions, 

and complies in every respect with modern organ-building 

technique. These actions are operated electrically • a rectifier 

unit converts the a. c. supply to 16-volt direct current which 

supplies all the current necessary. The generating cabinet con- 

tains the generator unit, manual relays and amplifiers, and i.s 

supplied by a separate mains plug. The method of obtainim^ the 

electrical oscillations, which are amplified and eventuallv fed'^into 

the loudspeakers, is by electrostatic induction. Each frequencv 

is generated by the variation of electrical capacitance caused by 

the rotation of one member (rotor) in close proximitv to a 

stationary member (stator), these two, together with a pick-up 

plate, constituting the generating unit. The stator iilate is 

engraved with a complicated pattern of wave-forms representing 

the fundamental of the particular note together with its harmonics 

and the black lines (see Plate 5, facing p. 262) are insulating 

barriers between one element and the next which arc conducting 

surfaces. The rotor is in two parts, each having projecting radial 

lines on the face to suit the wave-forms, and the complete rotor 

runs between the stator and the pick-up plate with a verv small air 

gap between each part. The pick-up plate as well as each half of 

the rotor is divided into two annular sections corrcspondinir to 

the bass and treble notes. Thus two wires emerge from the p'lok- 

up plate and connect with the bass and treble sections of the 
amplifier. 


Due to the relative motion of the stator and rotor, the electrical 
cajiacitance between the two varies in a manner corresponding to 
the wave-form. The mere variation of capacitance alone does 
not generate an alternating voltage, but it will do so if a d.c. 
potential difference is applied between the two members. Thus* 
although the generators are rotating all the time, no souiul is 
generated except when a key is depressed, which then applies the 
necessary polarising potentials to the members of the particular 
note. All the wave-forms are connected to the polarising circuit 


M 
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and the rotor connected to the amplifier, and when a stop is draw'n, 
say clarinet, all the wave-forms necessary to build up the clarinet 
note are brought into action ; also matters are arranged so that 
unless stops are drawn the keys are inoperative. 

Twelve such disc units comprise the w’hole generator assembly, 
each corresponding to the twe ve semitones of the musical octave. 



John Coniii(on Organ Vo., lAd. 
Generator discs of an electronic organ. 


Each is iflcntical in construction and each has a driving pulley of a 
<liamcter which causes it to run at its semi-tonal speed. All are 
<lriven by a single i)elt, and a spring-loaded jockey pulley keeps 
the belt at constant tension. The belt also passes over a second 
jockey pullev which is mounted eccentrically on a separately 
mounted wheel. The wheel is made to rotate by the action of the 
tremulant stop on the console, and when this is drawn the 
normallv uniform velocitv of the main driving belt is modulated, 
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and a varjdng velocity of rotation is imparted to all the disc units • 
this causes the tremulant effect. 

All typs of sound cabinets have two separate loudspeaker units 
one to handle the bass frequencies, and the other the treble 
trequencies. Tonally, the electronic organ provides a substantial 
b^is ot diapason tone, a generous supply of solo orchestral effects 
(clarinet, flute, etc.) and a carillon. Certainly this type of organ 
has come to stay, though it probably will not replace what is 
generally regarded as the “ king of instruments ”, the pipe organ. 

Vibrations m conical pipes, etc. No account of the vibration of 
air m pipes wou d be complete without some reference to pipes other 
than cylmdrical in shape, since such differently shaped pipes and 
horns are largely used in musical instruments, loud.speakers, etc. 

ihe simplest type of these pipes is the straight conical pipe. 
In such a pipe closed at its vertex there is an antinode at tlie open 
end, and other antinodes occur equidistantly just as if the whole 
pipe were cylindrical. The nodes on the other hand are slightly 
displaced towards the apex from the positions they would occupy 
m a cylmdrical pipe. It is noteworthy that in the conical pipe the 
overtones form the complete harmonic series, having frequencies 
n, 2n, etc., thus differing from a cylindrical pipe closed at one 
end. Iherefore, in the case of a conical pipe excited bv means 
ot a reed in the mouthpiece, M-hich is equivalent to a closed end 
the whole harmonic series of overtones may be ])resent This is 
the case in instruments sucli as the oboe, which is a conical tube 
with one end open and the other closed by a reed. With a 
clarinet, although one end is open and the other closed by a reed 
only the odd overtones are present as a rule ; this is because the 
tube of the instrument is cylindrical. A Hute and a piccolo are 
also cylindrical, but they are open at both ends ; hence the full 
senes of overtones may be present. 

If, as is done in some musical instruments, the ojien end is 

made bell-shaped this, together with the ciqiped moutlniiece 

introduces slight departures from the ideal simple cone. In order 

to counteract the disturbing effects of the bell and mouthpiece 

the end of the pipe is curved in the shape of a hvperbola. All 

brass instruments with cupped mouthpieces fall under this class 

tor here it is necessary to have the overtones as nearlv in the 

harmonic series as ])ossible. Without the curvature it is'ditiicult 

to model a pipe so as to retain all the overtones in tlieir strict 
harmonic relation. 

Helmlioltz showed that if tlie t)ell mouth of a cylindrical Dine 
IS shaped as a hyperbola .such that the radius of the mouth is 



170 


ACOUSTICS 


times that of the cylindrical part, the end correction is zero 
and the overtones would be exactly in the harmonic series. 

Loudspeaker horns. The sound produced by an unaided sound 
box is weak, but it can be amplified by the use of a horn. The 
ideal horn should of course give maximum transmission and 
minimum distortion, though even if a distortionless horn can be 
found, the resulting sound heard may be distorted since the drum 
of the human ear is an asymmetrical vibrator. K a horn is long 
and narrow, it certainly confines a large volume of air to suffer 
compression under the action of the vibrating diaphragm ; but 
there is considerable reflection at the open end of the horn and 
the transmission is reduced accordingly. On the other hand, if 
the open end is wide, although the energy can get out, the 
intensity suffers, since the air can easily move away from the 
diaphragm Anthout being compressed much. 

The mechanism of any loudspeaker represents a load, heavy in 
comparison with the fluid air, and some additional matching 
device is required to increase the load of the air through which the 
acoustic energy is to be propagated. One such matching device 
is the horn, and of course it is essential that this should be as 
uniformly efficient as possible throughout the range of audible 
frequencies and that it should not introduce any distortion. It 
is found that the best shape for a horn is one flared upon an 

exponential law. A true expon¬ 



ential surface will satisfy the 

V 

equation y = where E(x) is 
the sum of the infinite series 


i+x+r:2+r72T3+-- 


If X —1, then the sum of the 
series is 2*7183, and this is 
denoted by the s\mbol e ; if x 
is any positive rational quantity 
(integral or fractional), we have 
E{x)=e^. The graph represent¬ 
ing a true exponential curve is 
shoAvn in the diagram. The law 
upon which the design of * ex¬ 
ponential horns ” is based in 
practice is 
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where is the area of cross-section of the horn at the throat, A is 

the area of cross-section at distance z from the throat and 5 is a 

constant determining the rate at which the horn flares with 

distance from the throat. Such a horn is popularly defined as one 

m which the ratio of areas of cross-section, taken at successive 

equal intervals along the axis, are at all points equal. That this 

generally accepted definition is in accord with the more formal 
law is shown as follows. 


Area at distance x-1 from throat = 


X 

x + l 

Ratio of (2) to (1) is 


>> fy 

>> n 


n 


yy 


yy 


yy 


yy 




Aoe-®(*+») 


A 

^ 0 ^ =^Bx-Bx+B 






and ratio of (3) to (2) is 


—^- =fiBx+B-Bx 




which is a 
constant. 


( 1 ) 

( 2 ) 

(3) 


One of tlie most important features of an exponential horn is 
that a plane wave-front propagated along its axis suffers no 

distortion, by reason of the fact that reflections from the walls are 
in phase with the propagated wave. 

In order to convey the entire range of audible frequencies, it is 
essential that the horn should be long (ideally it shoulrl be of 
infinite length), and m practice this length is determined by 
several factors In the first place, every horn has a “ cut-off 
frequency below which it will not respond, and the lowest 
frequency which can be transmitted from the mouth of the horn 
into free air without the incidence of unwanted resonances is 
dictated by the mouth area A^. Such resonances are netrligible 
when ^, = 7rA//9 and are not excessive until A^< 7 tX ^IlG, where 
A IS the wave-length corresponding to the cut-off' frequency, 
Ihus the size of A^ depends on the cut-off frequency desired 

Also the optimum value for the throat area A„ has to be decided. 
I he Size of the throat controls the loading thrown on to the 
speaker diaphragm ; by decreasing A^ the effective loading is 
increased and so the overall matching efficiency. But if A is 
m^ade small, since Aq is decided as indicated above, x, the length 
ot the horn, will be increased. Moreover, the smaller the throat 
the greater will be frictional losses and also distortion due to 
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excessive pressures in the throat. The final selection of Aq is 
usually a matter of compromise. Having decided the cut-off 
frequency required and thus the appropriate value of the flare 
factor B, and having found the most desirable values for Aq and 
Axi substitution in the equation A^^A^e^^ will enable x to be 
determined. 

If X is inconveniently long, it is possible to fold the horn up to 
make a “ folded exponential horn ”, but the additional con¬ 
venience is gained at the price of some distortion, since folding 
inevitably destroys the exponential flare for some part of the 
length. The effect of the rim on the outside edge of the horn, 
which acts as a ” baffle ” plate, was referred to on p. 60. 



Comparison of the frequency characteristics of a conical and 
on exponential horn of the same overall dimensions. 


The oldest type of horn, and until recent years, probably the 
most widely used, is that of a conical shape. This type is defined 

by the equation > when A^j is the area of cross- 


section of the horn at the small end and is the distance from the 
small end to the apex of the cone. It is found however, that the 
transmission of the exponential horn is much superior to that of 
the simple conical horn, in the low-frequency range particularly. 
The transmission coefficient of any horn may be regarded as a 
measure of the efficiency of the horn as compared with a simple 
direct generator of plane waves, and the diagram indicates in a 
general way the performance of the two U'pes of horn having the 
same over-all dimensions. 
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RESONATORS 

A resonator is a vessel of any shape containing air with an 
opening to the external air in the form of a narrow neck or orifice 
and a typical resonator is that due to Helmholtz (see p. 131). ’ 

ihe action of a resonator is rather different from that of a 
resonance tube closed at one end as was described on p 159 The 
vibration of the air column in a resonance tube resembles the 
vibrations of a helical sprmg with one end fixed, after the soring 
h^ been stretched and then released. On the other hand, the 
vibrations of a typical resonator are analogous to those of a 
system consisting of a light spring fixed at one end, with a heavy 
mass suspended from the other end. ^ 

Consider a bottle containing air closed by a piston p without 
fricton in the neck of the bottle. Let v be the volume of the 
bottle below the piston, m the mass of the piston and A its area 
of cross-section. Let the piston be originally in the jiosition of 
equilibrium, and let the pressure outside be and that inside p. 

P • A =Po. A -f mg. 

displaced downwards a distance x so quickly 
that the change may be regarded as adiabatic, a new pressure p, 

Stten PA^'-Ax)y = pvy. This may be 


Pi=P 




V / • 

The total force acting downwards now is : 

mg +p^ = (j)-p^)A = - 

d^r 


X if X is small. 


pyA^^ 


V 


X. 


But this force is 
Thus we have 


m 


di^ 




Hence the motion is simple harmonic motion and the time of 
Vibration about the position of equilibrium is 


27T 


V: 


7nv 


pyA^ ■ 

The frequency n is therefore given by 

1 ./w 
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In this calculation we have assumed that the pressure is the same 
throughout the air during the oscillations. This is not true, since 
time is required for the transmission of the pressure. Also we 
have assumed that the character of the compression is adiabatic. 
This is very approximately true, especially as the neck of the 
bottle is narrow and heat will not easily escape from the bottle or 
be transmitted to it. The piston therefore ^vill behave approxi¬ 
mately according to the formula with a period of oscillation given 
by the expression above. 

In a t}q)ical resonator the layer of air in the neck of the bottle 
takes the place of the piston ; it corresponds to the mass referred 
to on p. 173, while the air in the cavity corresponds to the light 
spring. Now the mass of air in the neck is given by m-^A, 
where p is the density of the air, A is the area of its cross-section 
and / is the length of the neck, and since py = E, the modulus of 
elasticity, we may rewrite the expression for frequency as follows : 

1 /p^ 1 r^A^ 1 V rr 

" rnv 27 t^ V. plA ~27T"^v.pr 277^ V. I’ 

since V = JeIp where V is the velocity of sound in air. The 
quantity Ajl is known as the conductivity of the orifice, already 
referred to on p. 161. 

The lines of flow' of an incompressible fluid (and the air in the 
neck of the resonator may be regarded as one) through the 
aperture due to a difference of pressure are of the same form 
the lines of flow of an electric current due to a difference of 
potential in a uniformly conducting medium, if the boundaries of 
the aperture are non-conductors. Hence the analogy between 
electrical conductivity and the conductivity of the various forms 
of apertures in resonators. 

It will be seen from the relationship 

V /UT 

” 27T^v.r 

that, assuming V and Ajl to be constant, 

= constant. 

This can be verified experimentally in the following way. 
Procure an ordinary good-size medicine bottle or a small Win¬ 
chester bottle to use as the resonator, and first calibrate it for 
volumes by pouring in water from a burette to various depths 
and measuring the height of the water surface above the top of the 
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bench on which the bottle rests. This should be done for a series 
of intervals up to the base of the neck. If the bottle is marked in 
“ table-spoons ”, these marks will serve for heights. Tabulate 
the results as under : 


Height 

Volume of 

Volume of 

water 

air above 

of water 

poured in 

height in 
column 1 

1 

i ^ 



1 ho 

m 

« 

1 ■ 

Vo 

• 

- t’2 

K 

1 

1 

• 

• 

1 

• 

• 

0 


denotes the capacity of the bottle up to the base of the neck. 
Draw a graph showing the relation between heights as abscissae 
and volumes (column 3) as ordinates. From this graph the 
volume of air in the bottle corresponding to various heights of 
water can be found. Start the main experiment with the bottle 
empty, and gradually pour water in until resonance occurs be¬ 
tween the air in the bottle and a 128-tuning fork. The position 
of resonance can be confirmed by blowing across the neck and 
noting any beats that occur between the two notes. Measure the 
height of the water, and from the previous graph find the corre¬ 
sponding volume of air. Repeat the experiment with other forks, 
and then from the results obtained plot v as ordinates against l/n^ 
as abscissae ; this should be a straight line. It \vi\\ probably be 
found that the line does not pass through the origin ; it will 
most likely obey the law n2(y -i-c) == constant, where e is a correc¬ 
tion to be applied to v and may be regarded as a correction for the 
air space in the neck of the bottle. The value of e should be 
about one-half of the volume of the neck. It will be found that 
the tuning is quite sharp when the higher-frequency forks are 
used, but not so sharp with the lower-frequency forks. 

Since the conductivity of the neck is given by the expression 
Ajl, it follows that it has the dimension of length, and Rayleigh 
showed that for a circular aperture in a thin wall, the conductivity 
is equal to twice the radius of the aperture. The frequency for a 
circular opening of radius r is therefore given by 

V l2r 
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Hence for a given frequency the volume v should be directly 
proportional to the diameter of the opening. This can be verified 
experimentally by putting plates with circular openings of 
diferent diameters in turn on top of the resonator aperture and 
adjusting the volume in the resonator until resonance occurs 
when a vibrating fork is held over the opening. It must be 
pointed out, however, that an aperture in a resonator can never 
be of no thickness, and this has an effect on both conductivity and 
end correction. Rayleigh showed that if I is very small in com¬ 
parison with r, the value of the end correction approaches 77r/4, 
or 0-785r, as a lower limit. The end correction, however, in¬ 
creases with the length of the neck, and the upper limit is about 
8 r/37T, or 0*849r. 



CHAPTER IX 

VIBRATIONS OF MEMBRANES 
DIAPHRAGMS AND PLATES 


and diaphragm are sometimes 
applied to the same thing, yet there is a fundamental difference 

^nembranes on one hand and diaphragms and plates on 
the other. A membrane is strictly a very thin film of material in 
^vhlch any transverse vibrations set up are conditioned by an 
applied tension and are independent of elastic forces ; but with 
diaphragms and plates it is the elastic forces which are important 
vhile the tension can be regarded as almost negligible. Hence’ 
the j.ibrations of stretched membranes are related to those of 
diaphragm.s m a manner analogous to that of the vibrations of 
stretched strings to those of elastic bars (see Chapter V). 

MEMBRANES 

In consccpience of their fle.xibility, membranes cannot vibrate 
unless they are stretched, like the skin of a drum; Savart ob- 

Smei fastening gold-beater s skin on wooden 

Membranes approximating to the ideal type have been made 
from soap films or films of thin collodion stretched in a metal ring 
and the nature of the vibrations examined by optical means If 
it IS desireil to investigate the effects of tension on the vibrations 
«ien jirobably sheets of parchment or thin metal will be found 

hiV° ’ 1 “! ® condenser microphone (see p. 2,3) a 

m non ®®' membrane of fundamental frecpiency of 

10,000 IS used. The various modes of vibration of a steel mem- 

T I by means of a small electro¬ 

magnet (such as IS found m a telephone receiver) and a valve 

oscillator with a suitable range of frequency control. 

Membranes can readily be set in vibration by the vibrations of 
the air caused by an intense sound, for example, a bell, and they 

mass, large 

surface and the readiness mth which they subdivide. ^ 

In actual practice, membranes are used in tambourines, and in 
various forms of drums where the vibrations are reinforced by 
the resonating air inside the drum. ^ 


in 
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D 3 156 3-501 3-600 

0-610 0278.0638 


In the case of a circular membrane of radius a, Rayleigh cal¬ 
culated that the absolute frequency is given by 

0*76o It 

277a 

where T is the tension per unit length on the surface and m is the 
mass per unit area or the superficial density. The membrane 
can, however, and does, vibrate in other modes, and in these cases 
nodal rings and diameters are present {see also p. 184). It has 
been calculated by Bourget (1866) that the frequencies of the 
next simple tones where nodal circles are concerned are related 
to that of the gravest (lowest) tone in the ratios 0*765, 1*757, 
2*755, etc. 

The accompanying diagram represents the more important 
normal modes of vibration of a circular membrane, and the 
numbers below the circles give the frequencies referred to the 
gravest tone as unity, together with the radii of the nodal circles. 
The tones corresponding to the various modes of vibration of the 
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circular membrane do not belong to a harmonic scale ; but it is 
found that the four gravest modes with nodal diameters only, 
those labelled A, B, C, D in the diagram, would give approxi¬ 
mately a consonant chord corresponding to the notes c,f, u, c'. 

Any contraction of the fixed boundary of a vibrating mem¬ 
brane causes a rise in pitch, since an additional element of stiff¬ 
ness is introduced ; for example, the pitch of a membrane in the 
shape of a regular polygon is intermediate between those of the 
inscribed and circumscribed circles. Further, for different 
shaped membranes having the same area and vibrating under 
similar conditions, the circular membrane will give the lowest 
pitch. Thus, if a scpiare and a circular membrane have the same 
area, the ratio of the pitches of the two gravest tones is 1043 : 
1 -0, the square being the higher. 

The theory of the free vibrations of various t 3 q)es of mem¬ 
branes was first successfully considered by Poisson in 1829. He 
was followed by Kirchhoff and others who dealt with circular 
membranes, and in 1866 Bourget published his ‘‘ Memoire sur le 
Mouvement Vibratoire des Membranes Circulaires In his 
experimental investigations, Bourget made use of various 
materials, of Avhich paper proved to be as good as any. The 
paper is immersed in water, and after the superfluous water has 
been removed by blotting paper, the paper is put on a frame of 
wood the edges of which have been previously' coated with glue ; 
the contraction of the paper in drving ])roduces the necessary 
tension. The vibrations are excited by organ-pipes, of which it is 
necessary to have a series proceeding by small intervals of pitch, 
they are made evident to the eye by means of a little .sand 
scattered on the membrane. If the vibratioi» be sufficiently 
vigorous, the sand accumulates on the nodal lines and the form 
of the vibration is shown with more or less ])recision. Bourget 
concluded from his experiments that a circular membrane cannot 
vibrate in unison with every sound, though Savart, who also j)cr- 
formed experiments on membranes, held that a membrane was 
capable of responding to any sound no matter what its pitch 
might be. Other conclusions of Bourget were that nodal lines are 
only formed distinctly in response to certain definite sounds 
(Savart suppo.sed there was a continuous transition from one 
nodal sy'stcm to another) and that the nodal lines are circles or 
diameters or combinations of both. 

Bourget found a good agreement between theory'^ and experi¬ 
ment so far as the radii of the nodal circles are concerned, but the 
relative pitch of the various simple tones deviated considerably 
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from the theoretical estimates. This is explained partly by the 
want of perfect fixity of the boundary, and also by theTact that 
theory demands perfect flexibility, a condition which is not closely 
approached by an ordinary membrane stretched with a com¬ 
paratively small force. Rayleigh suggested that the most dis¬ 
turbing cause of deviation is the resistance of the air, which acts 
with much greater force on a membrane than on a string or bar 
on account of the large surface exposed. The gravest mode of 
vibration, in which the displacement is at all points in the same 
direction, might be affected very differently from the higher 
modes, which would not require so great a transference of air from 
one side to the other. In the case of kettle-drums, the matter is 
further complicated by the action of the shell, which limits the 
motion of the air upon one side of the membrane. 

The vibrations of soap-films have been investigated by Melde. 
The frequencies for surfaces of equal area in the form of a circle, 
a square and an equilateral triangle, were found to be as 

1-000 : 1 049 : M75. 

In membranes of this kind the tension is due to capillarity, and 
is independent of the thickness of the film. 


DIAPHRAGMS 

As has been said earlier, in the case of diaphragms it is the 
elastic forces brought into action which are all-important, the 
tension being negligible in comparison. By a complex analysis 
Rayleigh calculated that the fundamental frequency of a dia¬ 
phragm in vacuo and clamped around its periphery is given by 


^ 2-96 ^ I E 

277 ’ p(l -a^) ’ 

where h is the thickness, a is the radius, E is Youngs modulus, 
p is the density of the material and a is the value of Poisson s 
ratio. He also showed that the addition of a load m to the centre 
of a diaphragm of mass J/ lowers the frequency in the ratio 



Later, Lamb calculated the frequency and damping of circular 
diaphragms in air and water, and his values agree closely with 
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Rayleigh’s estimate. As an example of the order of frequency 
obtained, we might consider a steel diaphragm of radius 5 cm. and 
thickness 0-1 cm. Here = 2 x 10'^ /)=7*8 and o- = 0‘28. 


Hence 


/ E I 2x1012 
^p(l -a2) V 7-8(1 -0-282) ’ 


which works out to be 5-27 x 10® cm./sec., which is the velocity of 
the wave in the diaphragm. For the value of the frequency, we 
have 



2-96 0-1 

277 


X 5*27 X 10® = 1,000 approximately. 


It will be seen therefore that, by suitably choosing the dimensions 
of a diaphragm, the frequency of the sound generated may have 
any value, and a thick diaphragm of small dimensions when 
excited by, say an electromagnet, provides a very convenient 
source of high-frequency sounds. 

Diaphragms in contact with water. Diaphragms form one of the 
most convenient means of producing and receiving sounds both 
in air and in water, and large diaphragms are used as sources of 
sound for signalling over great distances in these media. 

When a diaphragm is in contact with water, two effects are 
prominent. In the first place, the frequency of the sound is 
lowered on account of the added mass of water vibrating, and 
secondly the vibrations are damped owing to the energy radiated 
in the water. Lamb showed in the case of a diaphragm with one 
side only in water that the inertia of the diaphragm is increased 
in the ratio (1 +^), where p — O QQSdpiajph, {p^ is the density of 
the water, p the density of the material, a the radius and h the 
thickness of the diaphragm). The frequency calculated by using 

Rayleigh s equation (p. 180) must therefore be divided by JF+p 
in this case : when both sides of the diaphragm are immersed, the 
value of p must be doubled. If Ave consider the dimensions of the 
steel diaphragm already mentioned above, we find tliat 

P = O-Qlp^alph = 4-3 approximately, 

and using this value in the amended equation, the corre.sponding 
frequency of the diaphragm vibrating with one face in the water 
works out to be 43o approximately as against 1,000. 

In some forms of echo-sounding apparatus (see ('hapter XII) 
the transmitter and the receiver are fixed inside the hull of the 
ship, so that the sound has to be transmitted through tlie hull. 
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This raises the point as to whether the transmission will be 
afifected by the hull. It was stated in Chapter IV that when 
sound travels from one medium to another through an inter¬ 
vening medium, the transmission does not suffer if certain con¬ 
ditions are fulfilled. But this independence of the transmission 
of the properties of the intervening medium assumes that this 
medium is a true medium, that is, one which does not vibrate as a 
whole. The hull of a ship certainly cannot be regarded as a true 
medium ; but it is an experimental fact that the vibration of the 
hull is of the same order of magnitude as that of the water. It 
can be shown theoretically that for the resonance frequency of 
the hull, the transmission from the water to the air inside or vice 
versa takes place more or less independently of the existence of 
the hull, and the general conclusion is reached that the hull will 
not interfere markedly with the transmission unless it is very 
thick. Hence the use of the hull for attaching apparatus for the 
transmission and reception of sound is quite practical. 

DIRECTIONAL PROPERTIES OF 
MEMBRANES AND DIAPHRAGMS 

If a membrane or a diaphragm is mounted on an annular ring 
it will possess definite directional properties when used either as a 
transmitter or a receiver. When used as a transmitter, the sound 
emitted from opposite sides of the vibrator will be of the same 
intensity but opposite in phase ; hence an observer edge-on to the 
vibrator will hear nothing on account of the consequent neutral¬ 
isation. The energy propagated from the back of the diaphragm 
will be partially screened from a listener in front by the ring and 
by the diaphragm, whereas that from the front is not. There¬ 
fore if a transmitting diaphragm is rotated through 360^ a listener 
will hear tw'O distinct maxima 180^ apart, separated by tw'o 
minima. The maxima, however, will be of smaller intensity than 
that observed w'hen one side of the diaphragm is completely 
screened ; in this case, of course, the diaphragm is non-directional. 

The directional properties of an unscreened diaphragm may be 
shown as a receiver by means of a button ” microphone attached 
to the centre of the diaphragm. This t\’pe of microphone, which 
is the kind generally used in subaqueous reception, is primarily a 
“ displacement ’’ detector rather than a * pressure ’ detector like 
the older t^qjes of microphone in which sound pressure produces 
variations in the resistance of an electric circuit by varying the 
compression of carbon granules. 
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THE HYDROPHONE 

One form of “ button ” 
microphone consists of two 
thin membranes .4', fixed 
a little distance apart in a 
massive ring BB. Between 
the membranes and fixed to 
the centre of each by a 

support is the button microphone, which consists of the two 

small electrodes and the carbon granules between. When a 

sound wave is incident on the membrane, it shakes the supports 

and disturbs the granules, so producing the desired alteration in 
resistance. 

If the microphone is turned edgewise to the direction of the 
sound Avaves, no sound is heard ; if, however, one face .4 is to- 
Avards the sound AvaA'es, a maximum .sound is heard. Such a 
modified microj)hone lias been u.sed to determine the direction 
of a sound source under Avater ; in this case, the instrument is 

consists of a heavy metal ring carrying 
a thin stainless steel diaiihragm Avith a small water-tight capsule 
attached to its centre. Inside the capsule is the granular carbon 

microphone. As the efifcct of the incident 
sound AvaA'es is the same Avhether the energy 
falls on the face or the back of the diaphragm, 
the hydrophone is fitted Avith a battle plate 
on one side a short distance from the back of 
the diaphragm ; hence the instrument is 
practically uni-directional, and by sIoAvly 
rotating the hydrophone, the direction of the 
sound can be determined Avith considerable 
accuracy. 

V 

PLATES 

Reference has already been made (p. 26) 
to quartz plates vibrating longitudinally in 
the direction of their thickness, and their^ise 
as a source of ultrasonic vibrations, particu¬ 
larly under Avater, Avhile in the present 
chapter the A'ibration.s of ('ircular jilates 
(diaphragms) clamped at the edge have been 
dealt Avith. 

The experimental study of the vibration.s 
of plates begins with ('iiladni, avIio found 
that Avhen a square plate of metal or glass is 
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fixed at the centre in a horizontal plane by being screwed to 
a vertical pillar and the edge is bowed, a note of definite pitch 
is produced. Moreover, if some sand is sprinkled on the top of 
the plate, it is found that when the plate is set in vibration, the 
sand gathers along well-defined lines forming a pattern on the 
plate. These lines represent the portions of the plate which 
remain permanently at rest and are called nodal lines. The 
pattern formed, and the note emitted, depend upon where the 
plate is clamped and where it is excited, and it is obvious that 
the number of notes from any one plate is practically infinite. If 
lycopodium powder is used instead of sand, it collects, not along 
the nodes, but at the points of maximum motion. This is due, 
according to Faraday, to the formation of small vortices in the 
air near the plate, just above the loops, which sweep the light 
powder on to the loops. In a vacuum all powders move to the 
nodes. 




NANA NNA N N 







Chletdni figures 

Chladni also investigated the vibrations of rectangular and 
circular plates, and it was found that in the latter the nodal lines 
are either radial lines (diameters), or circles or a combination of the 
two. The radial lines are obtained by fixing the centre of the 
plate and bowing the edge while two points on the edge are 
damped. The circular lines are produced by resting the plate 
on three points on one of the circles and causing the vibrations by 
drawing a resined string through a hole in the centre ; they may 
also be obtained by fixing the plate by its centre to the end of a 
rod and making the rod vibrate longitudinally. 

Examples of the figures obtained by Chladni are shown in the 
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diagram ; in each case the plate is touched or held at the points 
N and bowed at the points A. 

When a circular plate is truly symmetrical, theory indicates, 
and experiment verifies, that the position of the nodal diameters 
is arbitrary, depending only on the manner in which the plate is 
supported and excited. By varying the place of support, any 
desired diameter may be made nodal. It is generally otherwise, 
however, when there is any sensible departure from exact 
symmetry. 

In general, Chladni's figures as traced by sand agree very 
closely with the circles and diameters of theory, but in certain 
cases deviations occur, which are usually attributed to irregu¬ 
larities in the plate: Rayleigh pointed out, however, that the 
vibrations excited by a bow are not strictly speaking free, and 
that their periods are therefore liable to a certain modification. 
It may be that under the action of the bow two or more normal 
component vibrations coexist. The whole motion may be simple 
harmonic in virtue of the external force, although the natural 
periods would be slightly different. Another cause of deviation 
may perhaps be found in the manner in which the plates are 
supported, for the requirements of theory are often difficult to 
meet in actual experiment. 

In the ordinary use of sand to investigate the vibrations of fiat 
plates and membranes, the movement of the nodes is irregular in 
its character. If a grain be situated elsewhere than at a node, it is 
made to jump by a sufficiently vigorous transverse vibration. The 
result may be a movement either towards or away from a node, 
but after a succession of such jumps the grain ultimately finds its 
way to a node as the only place where it can remain undisturbed. 

Wheatstone’s explanation of Chladni’s figures. Wheatstone 
explained the figures obtained by the vibration of plates by 
considering the plate to be made up of a number of rods parallel 
to the edges of the plate. Consider the rods parallel to the edge 
AB (p. 180). These rods could vibrate so as to have all the nodes 
along and A.uVo* Similarly with the rods parallel to AD 

and, if the tw'o movements go on together, the actual movement 
of the rods is the algebraic sum of both. The central segments of 
the two sots of rods may be in the same or in the opposite phase. 
Consider first that they are in opposite phase as shown in (a) and 
(b), where we are assuming that any given part of the plate above 
the plane of the plate is represented by the symbol + , and below 
by the symbol -. When the two motions are combined, we get 
the figure shown in (c). In the shaded portions the two displace- 
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A hj, N2 B A BA B 



ments assist one another, and in the unshaded parts the upward 
displacement due to one set of rods is neutrahsed by the down¬ 
ward displacement due to the other set. Hence the minimum 
displacement will be along the two diagonals of the plate and 
these ^ill be the nodal lines. It will be noticed that this agrees 
with the figure shown on p. 184, where the corner of the plate is 
damped and the bow used in the middle of one edge. 

If the central portions of the two sets of rods are in the samt 
phase, as represented in (rf) and (e), the resultant figure obtained 
is as in (/), and the nodal lines are the square EFGH. In this 
case it will be seen that tlie central part of the plate is vibrating ; 

hence the plate can not be clamped at the centre but at a point on 
the nodal line. 

On the whole, there is good agreement between the theory 
given above and practice. The slight differences noticed are pro¬ 
bably due to the fact that in the theory we have assumed that 
the amplitude of the motion of the central portions of the rods 
and that at the extremities are equal. This is not true, for the 
amplitude at the ends is greater than at the centre. Hence some 
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points which in the theory we Iiave taken to be at rest owing to 
the displacement of the end segment of one set of rods neut ralising 
the displacement of the central segment of the other set, will not 
really be at rest. 

Since a nodal line always represents the line of separation 
between two parts vibrating in opposite phases, there must al¬ 
ways be an tvm number of radial lines in the case of a circular 
plate. If there were an odd number, then at one line at lea-st the 
plate on both sides would be vibrating in the same phase. 

In the more modern investigations into the vibrations of 
plates, solid carbon dioxide is used as the exciting agent instead 
of the bow ; it is found that by this method the vibrations are set 
up more easily. A pointed “ rod ” of solid carbon dioxide is held 
in contact with the edge of the plate, and as metal plates are good 
conductors of heat, the solid is very rapidly va])orised, and the 
disturbance caused sets up vibrations easily. 

Recent work on Chladni’s figures. The theory of the vibrations 
of free bars is well known, and that concerning square and circular 
plates has also been developed, particularly by Rayleigh ; but 
the theory of the vibrations of free rectangular plates, of which 
the square and the bar are limiting shapes, has not been seriously 
considered until the last decade or so. Chladni observed (1787, 
1802) that the normal nodal sy.stems of rectangular plates consist 
in general of straight lines parallel to the sides, and this has been 
confirmed by observations and calculations in the prc.scnt century 
by Pavlik (1937). Much experimental work has been done still 
more recently by Dr. Mary 1). Waller, of the Royal Free Hospital 
School of Medicine, London, in connection with rectangular 
plates, and she approached the iiroblem from the point of'^view 
of symmetry. “ The symmetry of a rectangle, the sides of which 
are not equal, is less than that of the square. The latter possesses 
90° rotational, the former only 180° rotational symmetry, and 
whereas there is mirror symmetry about both medians and 
diagonals in the nodal designs for the square, in the case of the 
rectangle the diagonal mirror symmetry is lost. It follows from 
the principle of symmetry that while for the square as many as 
four nodal lines (medians and diagonals) may ])ass through' the 
centre, for the rectangle it is not possible for more than two^nodal 
lines (medians) to pass through its centre.” 

Photographic records of the nodal de.signs obtained bv Waller 
on narrow, medium and wide rectangles indicate that tlie preva¬ 
lent design undoubtedly consists of lines parallel to the sides, and 
when the plates are narrow there is a very close connection 
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___ between these and rectangular bars. As the 

width of the plate increases, pronounced 
curvatxires, either convex or concave in the 

I _ I centre, occur in the nodal lines. The diagrams 

f indicate the difference in the lines shown by 

three rectangular plates of length/breadth 

—r-p-j ratios of 2/1, 3/2 and 1*09/1 vibrating in the 

\ / same mode. 

In addition to the curvatures mentioned 
I \ above, there may also be departures from the 

—^^—* normal nodal systems consisting of straight 
T lines, due to a second mode of vibratidn 

combining with the principal one. Further, 
"V ~7~\ it appears that these compound modes are 

\ / more prevalent in the case of rectangles than 

\ [ with squares. 

j \ In Waller’s experiments, she used the solid 

/ \ carbon dioxide sublimation method, sup- 

_XJ plemented occasionally by the use of the 

bow, and the vibration frequencies were 
determined by means of a calibrated valve- 
operated mains oscillator. Other methods of excitation, such as 
the piezo-electric method, have been used in connection with the 
investigation of high overtones, and in these cases the spacing of 
the nodal lines is much closer together than for vibrations obtained 
by using carbon dioxide. It is claimed, however, that the 
sublimation method is unsurpassed for producing powerful and 
exceptionally free vibrations in metal objects and also in quartz. 

In later investigations Dr. Waller noticed while experimenting 
with a Chladni plate supported horizontally on rubber studs, 
that striations appeared on some sand which had inadvertently 
been spilled on the bench just a few millimetres below the 
plate. That the striations were not caused by vibrations of the 
bench was proved by supporting the plate independently from 
above, and then producing the striations on a second stationary 
plate, or drawing board, which rested on a “ Sorbo ” mat. 

Although the investigations on this new and interesting 
phenomenon are not yet complete. Dr. Waller suggests it is 
probable that the striations are formed in the same way as for the 
Kundt striations which Prof. E. N. da C. Andrade has shown are 
caused by the oscillatory motion of the air setting up vortex 
motions around individual particles. In this connection it is 
significant that the distances between the striations produced, 
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either by a Kundt tube or by a Chladni plate, are of the same 
order. 

For further information on this subject, the student should 
consult the original papers by M. D. Waller {Proc. Phys. Society 
and Nature). 


CURVED PLATES, CYLINDERS AND BELLS 


The complex problem of the vibration of flat plates is further 
complicated when the plate is curved. Rayleigh calculated that 
the fundamental frequency iV of a thin cylindrical shell is given 


by the expression 



where e is an elastic modulus involving both bulk modulus and 
rigidity, h is the thickness, a the radius and p the density of the 
material. 

From a practical point of view, a curved plate in the sha})e of a 
bell is perhaps the most important, and a bell may be regarded as 
a progressive development of a curved plate. When a bell-shaped 
object is sounded by a blow, the point of application of the blow 
is a place of maximum normal motion of the resulting vibrations. 
It is important to notice, however, that the vibrations are not 
entirely radial but must also be tangential as well. Let the circle 
in the diagram represent the bell before it is struck, and let the 
dotted line represent one extreme position of the vibration. As in 
circular discs, there must always be an even number of nodal lines, 
the portions of the bell on opposite sides of each line vibrating in 
opposite phase. Now the simplest form of vibration is that in 
which there are four nodal lines which can be represented by Aq, 
Ag, and N^. Although these nodal lines are places of no 
radial motion, they must be positions where there is maximum 

tangential motion. For when the 
A rim on one side of a node is outside 



the mean position, the rim on the 
other side is inside, and the length 
of the rim intercepted by adjacent 
nodes is greater when this portion of 
the rim is outside than when it is 
inside the mean position. Hence to 
allow for the changes in the length of 
the rim, a motion of the rim in its 
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own plane takes place at the nodes ; in other words, the nodes 
must have a small vibration in a circumferential manner. This 
explains why glass tumblers and ■wine glasses can easily be thrown 
into regular vibration by friction with the wetted finger rubbed 
around the circumference. The effect of the friction is in the first 
instance to excite tangential motion, and the point of application 
of the friction is the place where the tangential motion is greatest 
and where the normal motion vanishes, 

Rayleigh made a particular study of church bells, and to pick 
out the various tones and ascertain the number of nodal meridians 
he used resonators of the Helmholtz pattern. He found that 
from a bell of 6 cwt. made by Mears and Stainbank, six tones 
could be obtained, namely : 

e' /" + 6;' d'" f" 

W W ( 6 ) ( 6 ) ( 8 ) 

The pitch of this bell as given by the makers was d'’\ so that here 
it is the fifth in the above series of tones which characterises the 
bell. The figures in brackets indicate the number of nodal 
meridians in the various components ; the mode of vibration of 
the highest tone,/'", could not be fixed satisfactorily, since it was 
difficult to observe this note. 

Other bells were experimented with in a similar way, and the 
results are summarised in the following table, no attention being 
paid to the question of the octave : 


Bell 

Normal 

2 )itch 

Actual pitch of tones given by bell. 

5 


6^-3. j 7'-4, a'+6, d"-3, /"r-2. 

4 


a+3, g’^-4,b' + 6, d"* - e”, g"^ - 6. 

3 

air 

ar + S. a' + 6, c"ff + 4, e''+6, a"*. 

9 

b 

A 

d'-6, d'?-5,d" + 8, g''* + 10,b"+ 2. 

1 

c? 

d'+2, b'+2, e", g"^ + i, c"'^ + 3. 


Thus in every case it is the fifth tone which characterises the 
nominal pitch of the bell and further, the overtones of the bell do 
not form a harmonic series. It will be agreed that it is not easy 
when listening to the sound of a bell to fix its pitch, for in addition 
to the nominal pitched tone and the overtones, beats arising from 
the various tones frequently occur, thus complicating the issue ; 
one has only to listen to the striking of Big Ben, as broadcast by 
the B.B.C., to realise the complexity of the problem. 
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The names given by bell founders in England to the five chief 
tones in a church bell, reckoning from the highest pitch, are the 
nominaly the tierce^ fundamental and tlie hum-note which is 
the lowest. By a suitable distribution of metal in the bell, the 
founder very often aims at making the hum-note, the funda¬ 
mental and the nominal successive octaves, but in practice this 
is difficult to achieve. 


MICROPHONES 

In view of the importance of microphones in broadcasting and 
modern methods of communication, these instruments must be 
discussed and this chapter seems to be the appropriate jdace. 
As is Avell knovm, the function of any microphone is to convert 
the minute fluctuations of air pressure, which reach its sensitive 
surface and constitute the sound waves, into corresponding 
electric currents which can be amplified by suitable means and 
used to modulate, perhaps, a broadcasting transmitter. It is 
clear that if faithful reproduction is to be attained, the electric 
currents must be precisely similar in form to the changes of 
pressure with which they correspond. Hence a microphone must 
possess certain definite characteristics. 

One recpiirement is a good frequency characteristic, which means 
that the microphone resj)onse must be sen.sibly the same over the 
whole audible range of frecpiency ; failure to fulfil this con¬ 
dition involves unnatural tone in the re])roduction. A second 
characteristic is linearity of response, meaning that the magnitude 
of the currents produced by the microphone must always be 
strictly proportional to that of the original sound pressures ; 
otherwise the t}'])e of distortion known as “ blasting ” occurs, 
resulting in rough, harsh reproduction characteri.sed by very 
disagreeable coml)ination tones. 

Other re(|uirements of an efficient microphone are freedom from 
hiss or other background noise, adecjuate sensitivity and ease of 
maintenance and reliability of operation, while directional effect 
and dependence upon frecjuency have also to be taken into ac¬ 
count. 


Carbon microphones. 'I'he first carbon transmitt(T was con¬ 
structed by Edison in 1877 ; he used a metal plate in loose con¬ 
tact witli a carl)on ljutton. J5y means of a battery, a current was 
made to pass from the plate to the button, and under the infhience 


of sound vil)rations the electrical resistance of tlie contact varied 


and thus the current in the line was made re})resentative of the 
sound. About the same time, Hughes invented his microphone. 
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in which he used a carbon rod with pointed ends resting loosely in 
sockets bored in two carbon blocks. The working principle is the 
same as in Edison’s instrument, but its sensitivity was greater. 

These forms of transmitter led to the granular carbon type which 
is the well-known carbon microphone of the present time as used 
in telephones. For communication purposes, particularly in 
broadcasting, considerable care is necessary to avoid “ blasting ”, 
owing to the limited linearity of these microphones, though it is 
found that their frequency characteristic is fairly good. Such 
microphones are no doubt capable of improvement to overcome 
the fundamental difficulties of non-linearity and background 
noise. 

Condenser microphones. One form of this instrument, devised 
by E. C. Wente, has already been described on p. 23. 

Another form which has been used for broadcasting purposes is 
known as the stretched-diaphragm microphone. This consists of 
a rigid metal back-plate in front of which, at a distance of about 
one-thousandth of an inch, is tightly stretched a very thin metal 
diaphragm, usually made of duralumin. This diaphragm is 
insulated from the back-plate and thus forms w'ith it an electrical 
condenser, the ca])acity of which is altered by the variations of 
air pressure due to the sound-waves. The changes of capacity can 
be made to cause corresponding voltage changes on the grid of an 
amplifying valve and so generate the “ speech ” currents. 

The great advantage of this condenser microphone over the 
carbon tv])e is its almost complete linearity and consequent 
freedom from “ blasting ”, as well as freedom from background 
noise ; its frequency characteristic, however, is very similar to 
that of the carbon instrument. 

A newer type of microphone is knowm as the slack-diaphragm 
t>q)e. In one form it consists of a central pillar a few inches long 
and of elliptical section. This has a conducting surface and takes 
the place of the back-plate of the stretched-diaphragm micro¬ 
phone, forming one electrode of the condenser. Over this is a 
thin film of insulating material and around the whole is %vrapped 
a piece of aluminium foil of about one-thousandth of an inch 
thick ; this forms the second electrode of the condenser. The 
foil is stretched just tightly enough to keep it in place, and is not 
kept under tension as in other types. The frequency charac¬ 
teristic of this type of microphone is much flatter than in the case 
of the stretched-diaphragm instrument, and its response is much 
more uniform over a wide range of frequencies. ^laximum 
response in the stretched type, which occurs at about 4,000 cycles. 
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is due partly to the resonance of the tightly stretched diaphragm 
itself, partly to the resonance of the air column formed by the 
cavity in the face of the microphone and partly to what is kno^vn 
as “ obstacle effect This last effect is due to the fact that the 
waves of the higher frequencies, the w’ave-lengths of which in air 
are smaller than the actual dimensions of the microphone, are 
completely reflected by the latter. Their effective pressure on the 
microphone is therefore doubled by comparison ^vith that of 
w’aves of greater •wave-length. It is found that the slack-dia¬ 
phragm microphone is effectively free from the effects mentioned 
above ; on the other hand, however, it suffers from a lack of 
sensitivity, compared even with other t}q)es of condenser micro¬ 
phone, and great precautions have to be taken when using it. 

From its construction it will be seen that the slack-diaphragm 
instrument possesses one definite advantage from the point of 
view of studio technique in certain tj’pes of broadcasts, in that it 
is practically non-directional in a plane at right angles to the 
principal axis of the instniment. It is possible for a number of 
actors to be grouped around a single microphone, or such a single 
instrument may be used in connection vith concerts involving 
artists and orchestra. In both cases, if the microphone is put in a 
suitable position, the works are correctly reproduced and suitably 
balanced. 

So far as broadcasting is concerned, the position of the micro¬ 
phone and its t}q)e, whether directional or not, are important 
factors in determining the degree of reverberation associated with 
any performance. The effect of reverberation as heard by the 
listener can be varied at will, within certain limits, by attention 
to micro])hone position. Further, the use of a directional or a non- 
directional microphone increases the latitude in this direction, 
since it is the relative importance of direct sound from the source, 
as compared with the sound reflected from the walls of the studio, 
which determines the effect of reverberation. A non-directional 
microxihone tends to resx)ond to the reflected rays of sound 
reaching it from all directions, whereas a diiectional one tends to 
concentrate more u]>on the direct rays. Between the limits, 
therefore, repre.scntcd by a directional microphone close to the 
source of sound and a non-directional instrument situated some 
distance away, a whole variety of acoustical effects can be ob¬ 
tained. 

A variation of the stretched-diaphragm microphone is known 
as the baffled microphone, in which the small microphone is sur¬ 
rounded by a large rigid baffle board. This t}'X)e certainly does 
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avoid the results of “ obstacle effect ” by extending it to the 
■whole of the audible frequency range, thus improving the fre¬ 
quency characteristic. But the directional properties of the 
microphone are also rendered more marked, thus limiting its use, 
while its large size is a disadvantage for some purposes. 

Electrodynamic microphones. One type of instrument of great 
sensitivity is the ribbon or band microphone of Gerlach and 
Schottky. This consists of a light metallic ribbon suspended in a 
strong magnetic field. The vibration of the ribbon due to an 
incident sound wave causes an induced e.m.f. corresponding to 
the undulations of the wave, and for frequencies below about 
4,000 cycles the ribbon follows very closely the motion of the air 
particles in the sound wave. 

Another form of instrument is the mo-^ing coil microphone. In 
this, the sound waves set in motion a light diaphragm, to which is 
attached a coil of Avire, situated in a strong magnetic field pro¬ 
vided by a suitable permanent magnet. The currents wliich are 
thus generated by the vibrations are amplified in the usual way. 
This t\q)e of microphone gives a good technical performance, 
including a level response over a particularly wide band of fre¬ 
quencies, also a reasonable sensitivity. It is simple to instal and 
maintain, it is small and inconspicuous and it is completely free 
from inherent background noise. 

Crystal microphones. A later type of instrument depends for 
its operation on the piezo-electric ettect and is known as the crystal 
microphone. In one form the instrument consists of two crystals 
of Rochelle salt clamped together as a double layer, and to this is 
attached the diaj)hragm. which, when set in motion, causes one 
crystal to be compressed and the other extended. Metal foil is 
cemented to the surfaces between and on the outside of the 
sandwich, and the potentials developed can be applied to the 
input circuit of an amplifier. 

in order to avoid the undesirable resonances peculiar to a 
diaphragm, the latter is sometimes dispensed with, and the 
souiul waves impinge directly on the crystal surfaces. The 
output of this form of micro])honc is, however, less than that when 
a diaphragm is used. 

When Rochelle salt is employed, care must be taken to prevent 
dehydration of the salt and also to keep temperatures moderately 
low ; other more stable crystals are now available. 

Some kinds of crystal microphones reveal a flat frequency 
characteristic over a wide frequency range, and although their 
sensitivitv is not high thev are verv free from background noise. 
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In the above discussion on microphones, it is not intended to 
suggest that any one type has superseded any other. There is 
probably no such instrument nowadays which can be regarded as 
a “ general purpose ” microphone, particularly in the sphere of 
broadcasting. The tendency would seem to be towards the 
development of a number of different types of microphone, each 
useful in its o^yn sphere and with its own special advantages. 


CHAPTER X 


DETERMINATION OF FREQUENCY 

Prequency is such a fundamental propert}’' of wave-motion, 
especially in connection with music, that this chapter will be 
devoted to a consideration of experimental methods of deter¬ 
mining the frequency of sounds. It will be remembered that the 
pitch (frequency) of organ pipes varies rapidly ^vith temperature 
and the pressure of the wind, and that of strings with the tension, 
which can never be kept constant for long. But a tuning fork 
usually retains its pitch with great fidelity, and for this reason 
these instruments are invaluable as standards of pitch. Hence 

the methods dealt with here will be mostly in connection with 
the frequency of forks. 

The human ear can, of course, sometimes give the approximate 
frequency of sound, A good musician can identify a certain sound 
as being a definite note in the musical scale with its characteristic 
frequency. It is perhaps easier for the musician to compare the 
frequencies of two musical notes sounding simultaneously from 
his knowiedge of musical intervals, while of course even the non¬ 
musical ear can give an approximate comparison by listening for 
beats. The method of beats is dealt with later in the chapter. 

USE OF SONOMETER 

It is clear from the relationship established in Chapter V for 
the frequency of vibration of a stretched string, namely. 



that a sonometer can be used to determine the frequency of a 
sound emitted, say, by a fork. The wire is stretched bv a known 
load and is tuned by altering its length until it is in unison with 
the fork. When the mass per unit length of the string is obtained, 
the frequency can be calculated from the formula. The fre¬ 
quency of the note given by a string and the character of the 
fundamental vibration were first investigated on mechanical 
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principles by Brook Taylor in 1715, and he deduced the above 
formula. By applying this formula, Seebeck obtained some very 
accurate results as follows. The tension was produced by a suit¬ 
able weight, and in order that the whole of the tension should act 
on the vibrating segment, no bridge was interposed, a condition 
only to be satisfied by suspending the string vertically. After 
the weight was attached, a portion of the wire was isolated by 
clamping it firmly at two points, and the length I measured. The 
mass of the wire per unit length (?n) refers to the stretched state 
of the string and can be found indirectly by obtaining the length 
of the unstretched wire corresponding to the length I of the 
stretched string, and weighing a known length of wire in its 
normal state. After the clamps are secured, care is needed to 
avoid changes of temperature which of course might seriously 
affect the tension. 

Scheibler (see also p. 206) used a sonometer to determine the 
absolute frequency of a fork, and his method depended on deduc¬ 
ing the absolute frequencies of two notes from a knowledge of 
both the ratio and the difference of their frequencies. The 
lengths of the sonometer wire when in unison with a fork and 
when giving with it four beats per second were carefully measured. 
The ratio of the lengths is the inverse ratio of the frecjuencies, and 
the difference of the frequencies is 4 ; from these data the ab¬ 
solute frequency of the fork can be calculated. For, let n be the 
frequency of the fork, and /j and the two lengths of the sono¬ 
meter wire, where When the fork and wire are in unison 

we have nocljli ; also when there are four beats per second, we 
have n -{-4ccl//2. Therefore, w/(7i 4*4) from which 



In connection with sonometer methods of determining fre¬ 
quency, it should be noted that, unless a thin wire is used, the 
frequency obtained may not be the true frccpiency of the fork, for 
the rigidity of the .string will produce an extra restoring force 
which will bring the vibrating wire more (juickly to its normal 
position ; hence the frequency will be increased. In musical 
instruments, however, the tension is usually so great as to render 
the effect of rigidity negligible. 

Incidentally, the equation 


1 T 
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can be used to find the density of the material of a wire if a. 
standard fork is available. Also the sonometer can be employed 
to determine the frequency of other forks by comparing the 
lengths of the ■wire in unison with the forks and a standard fork. 

Let us now consider from a fresh angle how vibrating strings 
might be used for the measurement of frequency. Suppose a 
wire of length I is stretched between the fixed points A and By 
and that a mass M, large in comparison with the mass of the 
string, is attached to the centre c. When M is pulled aside and 
then released, it executes simple harmonic vibrations. If the 
amplitude of vibrations is small, any variations in tension in the 
string as it passes from one extreme through the normal position 



to the other extreme can be neglected. By considering the 
equation of motion, it can be shown that the periodic time is 
given by : 




The stretching can be done by attaching a weight W over a 
pulley, and the value of t will be given by : 



from which the frequency can be found. One difficulty in carry¬ 
ing out this experiment is to make M sufficiently large in relation 
to the mass of the vdre without at the same time lowering the 
pitch of the note too much. 

The above experiment does not present the same problem as 
an ordinary musical string, where the mass is uniformly distri¬ 
buted over its length. In this case, the different parts of the 
string, at the moment of passing through the normal position, 
have different velocities, increasing from either end towards the 
centre, and if Ave attribute to the whole mass the velocity of the 
centre it is clear that the kinetic energy on which the equation of 
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motion partly depends will be considerably over-estimated. 
Further, at the moment when the string is in the extreme position, 
it is stretched more than in the example when M is at the centre ; 
hence the potential energy of the uniform string will be greater. 
As a result of the differences in the energies in the two cases, the 
periodic time of the vibrating uniform string will be less than that 
given by the above relationship. 

USE OF SIREN 

Disc siren. The siren is an instrument which can be used for 
several purposes. In its simplest form, it consists of a disc having 
two circles of holes in it and capable of being rapidly rotated, and 
a tube which is connected to a bellows so that a current of air can 
be directed against the holes. When the rotation is very slow, a 
puff of air passes tlirough each hole as it comes opposite the tube, 
and the ear will hear the separate puffs. On increasing the speed 
the puffs blend into a note, the pitch of which rises with increasing 
speed (refer to diagram on p. 121). 

This t}"|)e of siren is usefully employed for showung that the 
relation between frequency and pitch is of a quantitative nature. 
Suppose there are twice as many holes in the outer ring as in the 
inner ring. When the siren is working, there will be an easily 
recognisable relation betw'een the pitches of the notes produced 
w'hen the jet is directed against each set of holes in turn ; in this 
case the note from the outer ring w'ill be the octave above the 
other. Moreover, this relation is true no matter what the speed 
of the disc, showing that one note is the upper octave of another 
if it corresponds to twice the frequency. By having other series 
of holes in the disc, the method can be extended to the case of 
musical intervals, when it can be shown that the interval betw een 
two notes is determined by the ratio of the frequencies and not by 
the absolute frequencies. 

Cagniard de la Tour’s siren. In this in.stniment, which is used to 
determine the frequency of a note, air is blow n through a tube at 
the bottom into a cylindrical wind-chest, the ])late forming the 
top of wdiich is pierced with a ring of holes at equal distances 
apart. Above and nearly in contact w ith the perforated plate is a 
o 
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disc pierced with a corresponding ring of holes and mounted on a 
vertical spindle so that it can rotate freely. The holes are cut 
obliquely, those in the disc and wind-chest slanting in different 
directions. A screw thread cut in the spindle engages a cog-wheel 
and works a revolution counter at the top, and pointers move 
around two dials, one showing the number of revolutions up to 
100 and the other the number of complete hundreds. In some 
instruments means are provided for throwing the counting 
mechanism into and out of gear at will. The siren is connected 
either directly or through a larger wind-chest with bellows. 

To find the frequency of a tuning fork, the fork is struck or 
bowed, and w'hen the fundamental tone of the siren reaches that 
of the fork the blast of air is regulated to keep the two notes as 
nearly as possible in unison. If the note of the siren rises above or 
falls below that of the fork beats wdll be heard, and the blowing 
must be regulated until they disappear. This is no easy matter, 
since the listener often cannot tell whether the note of the siren 
has become too high or too low. When, however, it is judged 
that the tw'o notes are in unison, the time is noted as the pointer 
on the counter passes one of the hundred marks on the dial. 
After two or three minutes the time is again noted as the pointer 
again passes a mark on the dial, and the number of revolutions 
(A') of the disc is found. Suppose there are n holes in the disc and 
an equal number in the top of the chest; the holes in the disc will 
come over those in the wund-chest n times in each revolution. 
If t seconds be the time occupied by the N revolutions, Nnjt puffs 
of air issue through each hole per second. As the puffs issuing 
from the different holes are simultaneous, the intermittent 
current of air gives rise to Nnit impulses per second and Nnjt 
disturbances per second are propagated outwards. This pro¬ 
duces a note the fundamental tone of which has a frequency Nnjt, 
and this is of course the frequency of the fork. 

The difficully of preventing variations in speed when the disc 
is driven by the air current limits the accuracy of the determina¬ 
tions. More accurate results can be obtained "if the disc is driven 
independently of the air blast by an electric motor, the speed of 
w hich can be regulated by a resistance ; in this case the holes 
should be cut normally to the disc to avoid air pressure in the 
direction of rotation. 

The sound given by a siren is not a pure tone, a large amount of 
harmonics being present ; in any experiment, therefore, it is 
necessary to pick out the fundamental. The siren is particularly 
useful for calibrating organ pipes; many other methods, which 
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give more accurate measures of frequency, are unsuitable for this 
purpose. 

Incidentally, it may be mentioned that a siren is very useful in 
producing loud sounds such as might be required for fog horns. 
When horns are used with a siren, it has been found to be im¬ 
portant that the frequency of the note given by the siren should 
coincide with that of the fundamental tone of the horn ; that is, 
there should be resonance between the two sounds. 

Lord Rayleigh has also shown that the shape of the mouth of 
the horn is important, and that this should be elliptical, the 
shortest diameter of the ellipse being one quarter of the longest 
one ; also that the mouth should occupy such a position that the 
long axis is vertical. Moreover, he considered that the short axis 
should not exceed half the wave-length of the sound being 
emitted. With a hom-mouth of such a shape, the sound is pre¬ 
vented to some extent from being projected up and down, but is 
diffused better laterally—a result which is desirable in coastal 
sound-signals. 

Efficiency of a siren. The acoustic efficiency of any sound 
generator is the ratio of the acoustic output (the rate of energy 
flow in tlie wave from the generator) to the mechanical output. 
The case of the siren and other compressed air generators was 
studied by L. V. King, and he found that the efficiency could be 
expressed by the equation : 

■ 11 - (vi',T. ■ 

where T and 1\ are the absolute temperatures of the air on the 
low-pressure and high-pressure sides respectively, and p^ are 
atmospheric pressure and operating pressure respectively, and 
y = l*41. The efficiency therefore increases with the temperature 
difference between the two sides and decreases with the operating 
pressure. 


GRAPHICAL METHODS 

The frequency of a fork can be determined to a certain degree of 
accuracy by causing the vibrating fork, to which is fixed a short 
style, to trace its vibratory path on a suitable surface fastened 
on a rotating cylinder. This was the method used by Duhamel to 
find the frequency of a vibrating steel rod. The apparatus con¬ 
sists of a wood or metal cylinder A fixed to a vertical axis 0 and 
turned by a handle. The lower part of the axis is a screw working 
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in a fixed nut so that as the handle 
is turned the cylinder is raised or 
lowered. Round the cylinder is 
rolled a sheet of paper covered with 
a film of lampblack. The steel rod 
is held firmly at one end, and the 
other end, which carries a fine point, 
just touches the surface of the 
cylinder and thus produces an undu¬ 
lating trace. This trace is compared 
with a similar one traced out simul¬ 
taneously by a standard fork of 
known frequency, and the frequency 
of the steel rod can be calculated. 

Since this method involves only a comparison of frequencies, it 
is immaterial whether the rotation of the cylinder is steady or not, 
but a source of inaccuracy is due to the fact that the standard 
fork has a style fixed on it and this slightly reduces its normal 
frequency. This alteration would of course be very small if a 
large fork is used, but with a small fork a correction should be 
made. To find the correct frequency of the loaded fork, another 
standard fork of about the same frequency should be obtained. 
Sound the two forks together and count the number of beats per 
second. Let the number of beats be n and the frequency of the 
unloaded standard fork A. Then the frequency of the other fork 
is N ±n, which of course reduces to iV-n if the two standard 
forks are nominally of the same pitch. If they are not, it will be 
necessary to determine which of the two has the lower frequency 
when they are producing the beats. To do this, load either of 
them with a small quantity of wax and again count the number of 
beats. If this number is greater than n, then the fork just loaded 
probably had the lower frequency originally, for the load has only 
served to increase the difference in frequency between the forks. 
It is, however, possible that the load has reduced the frequency 
of the higher fork A to such an extent that it is now less than that 
of the other fork R by a greater number than that by which B was 
originally less than that of A. It is safer, therefore, always to 
adjust the load so that its effect is to diminish the number of 
beats, and to do this the load must have been put on the fork 
which was originally of the higher pitch. 

The Chronograph. A more refined form of Duhamefs apparatus 
for finding frequency is an arrangement called a chronograph, in 
which the undulating trace of a vibrating fork is produced side 
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by side with a time-trace. A piece of blackened paper is fastened 
round a cylinder which can rotate about an axle on which a screw 
thread of large pitch is cut. When the handle is turned, the 
cylinder advances as it rotates, and the trace of the tuning fork, 
which is fitted with a style, can be obtained on the paper. To 
mark the intervals of time on the paper, a small electromagnet is 
provided with a style attached to its armature. The current can 
be supplied by a battery, and in series with it is a make-and-break 
actuated by a standard clock the pendulum of which beats half 
seconds. Thus, every half second, when the pendulum is at the 
bottom of its swing, contact is made and the style makes a slight 
movement at right angles to the normal trace, so marking the 
time intervals. By comparing the two traces, the frequency of 
the fork can easily be found. 

A method similar to the above was used by ^IcLeod and Clarke 
in 1880 in their investigation of the effect upon previously existing 
vibrations of bowing a fork, while in the chronographic method 
used by Prof. A. M. !Mayer in 1884, the fork under investigation 
was fitted with a triangular piece of thin sheet metal, about a milli¬ 
gram in weight, which traced the vibrations upon smoked paper. 
In this case the time w’as recorded bv small electric discharges 
from an induction apparatus xinder the control of a clock, and 
delivered from the same tracing point. 

It will be noticed that in the methods 
above when the time-trace and the 
vibration-trace are recorded simultane¬ 
ously on the paper, it is not necessary 
for the cylinder to have uniform rota¬ 
tion. It w411 also be seen that the 
chronograph lends itself with facility to 
the measurement of small intervals of 
time, if a standard tuning fork of known 
frequency is available. 

Falling plate. In this metliod, it is an 
advantage to use an electrically driven 
fork w'ith a light style or bristle attached 
to one prong. A smoked gla.ss ])late is 
suspended vertically by a piece of thread 
passing over one, or two, hooks as 
indicated in the diagram. The plate can 
be made to slide in a groove in a w'ooden 
framework to give its vertical fall, or 
two screw's can be inserted through the 
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wooden upright so that the tips are 
against the back of the plate, and these 
can be adjusted so that the plate in 
falling is always in contact with the style 
on the fork. In order to prevent 
breakage when the plate reaches the 
bottom, the base of the wooden frame¬ 
work is padded. 

The fork is set in vibration and then 
allowed to fall by burning the thread; 
o\ving to the combination of the two 
motions, a w'avy line is traced by the 
style similar to that shown. 

A point 0 is chosen just clear of the 
indistinct portion traced when the plate 
was moving down in its first stage and 
consequently before its velocity had sufficiently increased to 
open out the waves. Count a number of waves, w, between 0 and 
S and the same number between S and and let the distances 
08 and 88^ be s and respectively. 

If t is the time required for the plate to fall through these 
distances, and N is the frequency of the fork, then n = Nt. Now, 
if It is the velocity of the plate at the instant corresponding to 
point 0, we have : 

s = ut + Igt^y 

and since the total time taken is 2f, 



Hence 


and so 


s +Si = 2ut + 2gt^. 


Si-s^gt^y or 




The distances 5 and Si should be measured by means of the 
travelling microscope. It should be noted that the value of N 
obtained here is that for the fork vibrating with the load and 
affected by friction as the curve is being traced. To allow for this, 
take a second fork of approximately the same frequency as the 
first, but of slightly higher pitch, and carefully load this fork to 
bring it into unison -with the first. Then, when the first fork is 
loaded with its style, etc., and the style is touching the plate, 
again sound the two together and count the beats per second. 
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This number giv’^es the number of vibrations lost per second on 
account of loading and friction, and when added to N will give 
the corrected frequency. 

The above apparatus can, of course, be used to compare the 
frequencies of two forks. The forks, fitted with bristles, are 
arranged side by side and set into vibration, and when the plate 
falls each style draws its particular trace. By counting the num¬ 
ber of vibrations between the same two points in each trace, the 
ratio of the frequencies can be found. 

METHOD OF BEATS 

The phenomenon of beats has been referred to several times in 
this book, and the student must have recognised that this pro¬ 
vides an excellent method of finding frequency. It is now well 
kno^\^l that the number of beats heard in a second is the difference 
of the frequencies of the two sounds which ))roduce them, and 
making use of this fact it is possible to copy a standard tuning 
fork with great precision. But before dealing with this ])r()blem, 
a few observations will be made concerning slow and ra])id beats. 

It is sometimes supposed that rapid beats have the advantage 
of admitting of greater relative accuracy in counting. It must be 
remembered, however, that in a comparison of frecpiencies, it is 
the absolute and not the relative accuracy of the counting which is 
important, for if the number of beats, say in a minute, is mis¬ 
counted by one, it makes just the same error in the result whether 
the total number of beats in the time is large or small. As a 
matter of fact, if the two sounds are pure tones, it is advisable to 
use beats slower even than four per second. It is j)o.s.sible by 
choosing a suitable position to make the intensities at the car 
equal, thus causing the i)hasc of silence to be extremely well 
marked, and slow l)eats may be counted with great accuracy by 
observing the time which elapses between the jKTiods of silence. 

If the ])hases of maximum sound are used to count the number 
of beats when the beating is slow, a ditficulty arises owing to the 
uncertainty whether a falling-off in the sound is due to inter¬ 
ference or to the gradual dying away of the vibrations, and in his 
method of copying a standard fork, Scheibler adopted a some¬ 
what modified plan. He took a fork slightly different in pitch 
from the standard—it is immaterial whether higher or lower— 
and counted the number of beats, about 4 j)er second, when they 
were sounded together. The fork to be adjusted is then made 
slightly higher than the auxiliary fork if this is lower than the 
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standard, and tuned to give with it exactly the same number of 
beats as did the standard. To facilitate the counting of the beats 
Scheibler used pendulums the periods of vibration of which 
could be adjusted, and in this way a highly accurate copy of the 
standard is obtained. 

Scheibler’s Tonometer, Scheibler also used the method of beats 
to determine the absolute frequency of his standards, the instru¬ 
ment devised by him for this purpose being called a tonometer. 
A set of tuning forks extending though an octave are arranged 
in ascending order of frequency, each of which gives the same 
number of beats with its neighbour. Hence the various fre¬ 
quencies increase by equal steps, and they are arranged so that 
the frequency of the highest is exactly twice that of the lowest. 
In Scheibler's instrument the consecutive forks gave 4 beats per 
second, so for the complete octave 65 forks would be required to 
bridge over the interval from c' (256) to c" (512). 

The first step is to find the absolute frequency of the lowest 
tone, and this is done by counting the number of beats between 
the sounds from the consecutive forks in the series. 

Suppose there are (/: + !) notes, thus giving h intervals, and let 
the frequencies be represented by (lowest), Ag, Ag, ... , Afjt+i) 
(highest). If the number of beats observed between all the suc¬ 
cessive notes be denoted by Wg, ng we have 

Ag — Aj = 71 ^ 

A 3 — Ag = Wg, 

k—^k’ 

Adding both sides, we get: 

A (jt+l) - A^ =nj +7*2 -f 
But A^,., = 2Ai. 

• • Aj = Wj+722 + ,,, 77^, 

This relationship gives the absolute frequency of the lowest tone, 
and the others can be found from this. 

Although the method is somewhat laborious, it is undoubtedly a 
very accurate one, though it is essential to its success that each 
of the sounds should be of definite pitch, and that the number of 
vibrations of any fork should be constant whether that fork is 
sounding ^vith its neighbour above or below. These conditions 
probably hold when independent forks are used, but a set of v 
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reeds mounted side by side on a common nTnd-chest will intro¬ 
duce an error owing to a disturbance of pitch by mutual inter- 
action. 

A tonometer such as is described above but ranging over a 
series of octaves could be taken into a belfry to find the exact 
frequencies of the overtones of any bell. It could also be used for 
tuning a note to any desired pitch, and in his standard book “ The 

Theory of Sound ”, Lord Rayleigh describes a method of tuning 
pinaofortes or organs by its use. 

A set of twelve forks may be used giving the notes of the 
chromatic scale on the equal temperament (see Chapter XI), or 
any desired system. The corresponding notes of the forks and 
the piano are adjusted to unison, and the others tuned by octaves. 
It is perhaps better to prepare the forks so as to give four vibra¬ 
tions per second less than their normal frequency. Each note on 
the piano is then tuned a little higher than the prepared fork so 
that when the two notes are sounded togetlier exactly four beats 
per second are heard. It is the usual practice to start from the 
note a' and get these notes in unison, and then determine the 
others by estimation of fifths. It will be seen in the next chapter 
that a fifth on the scale of equal temperament is slightly flatter 
than a true fifth, for twelve true fifths are slightly in excess of 
seven octaves, so that there is an inevitable, though very small, 
error in the tuning of the notes between the octaves, which of 
course are all tuned true. In violins and instruments of that class, 
tuning is done by true fifths from a', 

STROBOSCOPIC METHODS 

A stroboscope is a device by means of which a moving object 
can be made to appear stationary. The underlying principle is 
that a rotating or vibrating object illuminated intermittently 
appears to be at rest when the freipiency of illumination is the 
same as the number of revolutions j)cr second made by the object, 
or as the frequency of the vibration. Thus a wheel making 10 
revolutions per second illuminated 10 times per second appears to 
be stationary. Also the wheel will ajipcar at rest if each spoke 
moves during the interval between the flashes into the exact 
position previously occupied liy another spoke. If the spokes 
move either not quite so far or a little farther in the interval, the 
wheel will appear to be rotating slow ly backwards or forwards. 
The effect is often seen in the cinema, when a wheeled vehicle is 
shown starting or stopping ; the intermittent illumination is 
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caused by the movement of the camera shutter (16 times a sec,). 
It is clear that if the rate of the intermittent illumination can be 
both controlled and measured, the rate of rotation of the wheel 
or the frequency of vibration of a fork can be measured. 

It is worth noting that as early as 1836 Plateau investigated 
the motion of a vibrating object by means of intermittent illumin¬ 
ation. If, for example, an object vibrating with a certain fre¬ 
quency is intermittently illuminated say by a series of electric 
sparks occurring at the same rate, the object must appear at rest 
because it can be seen only in one position. K, however, the 
period of vibration of the object differs slightly from the rate at 
which the sparks occur, the object will appear to vibrate slowly 
with a frequency which is the difference between that of the spark 
and that of the object. Thus the type of vibration can be 
examined with facility. 



The frecjuency of a fork can be found in the following way. In 
the diagram, the disc D is driven by the motor 31 and is viewed 
through the telescope T. The disc has a circle of dots equally 
spaced, and between the disc and the telescope is situated the 
fork of unknown frequency, which should preferably be electri¬ 
cally driven. Attached to the prongs of the fork are two light 
metal pieces S shown in section in diagram (6). Each metal piece 
has a slot in it, in such a position that the telescope and slots are in 
line with the dots on the disc when the fork is at rest. On causing 
the fork to vibrate, the slots S will pass each other, and allow the 
circle of dots to be seen by an observer looking through the 
telescope, t^vice in every complete vibration of the prongs. The 
speed of the motor can be regulated so that each time the circle 
of dots is seen, the dots appear to be in the same position, each 
dot having taken the position occupied by the dot in front of it 
w’hen last seen. The dots will then appear to be stationary. If n 
is the number of revolutions per second of the disc and d the 
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number of dots in the circle, then ti x d is twice the frequency of the 
fork, the dots being seen twice in each vibration of the fork. 

Sometimes for convenience the disc has a number of rings of 
equidistant dots. 

If the speed of rotation of the disc is slightly greater than that 
for which the circle of dots appears stationary, then each time a 
glimpse of the disc is obtained a given dot ^vill have slightly 
passed the position occupied by the preceding dot at the pre¬ 
ceding glimpse. Hence the dots will appear to be rotating slowly 
in the same direction as that in which the disc is rotating. During 
the time the dots appear to advance through the distance be¬ 
tween two dots, one more dot will have passed any point than the 
number of glimpses. Hence if x dots appear to pass in 1 second, 
we have: 

2N = nd - .r, 

where N is the frequency of the fork. Similarly, if tlie disc is 
rotating too slowly, the dots will appear to rotate slowly in an 
opposite direction to that in which the disc turns, and in this 
case w'e have : 

2xV = nd+x. 

The value of the frequency obtained by this method is not 
strictly the absolute frequency of the fork on account of the metal 
pieces on the prongs ; hence a correction would have to be made 
if the absolute value is desired. It is, however, possible to avoid 
this correction by making one prong bright over a small area and 
by rotating a disc provided w’ith several series of concentric holes 
in front of it. If the fork is well illuminated and the disc care¬ 
fully mounted, it will happen that for some particular speeds the 
fork will appear stationary when viewed through the holes. 

An alternative stroboscopic method of finding the frequency of 
a fork is by the use of a neon lamp which, as is well known, lights 
up immediately without any appreciable lag when a voltage is 
applied, and is extinguished immediately when switched oft'. I'be 
fork is put in the same circuit as the primary coil of an induction 
coil, and the current in the primary is thus made and broken once 
per vibration of the fork. The neon lamp is put in the secondary 
circuit of the induction coil ; hence it is caused to Hash once per 
complete vibration. The lamp is used to illuminate a rotating 
disc provided with a series of dots on a white background, and 
the speed of rotation of the disc is varied until the dots appear to 
be stationary. When this is the case, one dot just moves up to 
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take the place of a dot in front of it during the interval of dark¬ 
ness between the flashes of the lamp, that is, during the period of 
vibration of the fork. 

A stroboscopic method is used for timing gramophone turn¬ 
tables. A paper disc with evenly spaced radial markings is 
illuminated by a neon lamp connected to alternating current 
mains. If the electric supply alternates at the rate of 50 cycles 
per second, the neon lamp will flash 100 times p^r second, and the 
speed of rotation of the disc is increased until it appears at rest 
when illuminated by the lamp. Suppose there are 80 sectors on 
the disc. When it appears to be stationary, the disc turns through 
1/80 revolutions in 1/100 second. Hence the rate of rotation of 
the disc is 1/80 x 100 x 60 = 75 per minute. Careful regulation of 
the disc speed has become very important with the introduction 
of long-pla^dng records. 

A similar method is used for checking the rate of rotation of a 
gyroscope disc, which should rotate at a constant rate. The 
rotating disc is illuminated by a neon lamp which is caused to 
flash at a varying rate by means of an alternating supply, the 
frequency of which can be adjusted. The adjustment is made 
until, on viewing the disc, it appears to remain stationary, and on 
noting the frequency of the supply at this stage the rate of rota¬ 
tion of the disc can be obtained. 

A modem apphcation of the stroboscopic principle. Since the 
action of a stroboscope is to cause a moving object to appear 
stationary, it can be extended to investigate rapidly-moving 
parts of machinery, and actually to photograph parts of the 
machinery at those moments at which tlie observation is desired. 
In the case of high-.speed machines, speeds up to 100 revolutions 
per second are not exceptional, and if it is desired to fix accurately 
the momentary situation of a part of such a machine the observa¬ 
tion will not last longer than a very small fraction of a second and 
the moment of observation must also be fixed accurately. The 
light from an electric spark is very suitable for illuminating pur- 
3 )oses and by this means it is possible to reduce the exposure time 
in photography to 10“^ or 10~® sec. Careful synchronisation is 
required to fix with the same precision the moment at which the 
exposure takes place. 

Messrs. Philips of Eindhoven, Holland, have designed an 
apparatus suitable for stroboscopic examination of rapidly 
moving machines. The apparatus is designed to give a single 
flash or periodically repeated flashes. The time interval between 
the flashes can be adjusted within wide limits and the generator 
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which excites the flashes can be synchronised with the part of 
the machine to be observed. The flash of an electric discharge 
is used and the spark gap is constructed as a discharge lamp 
filled ^\'ith argon at high pressiu-e. The tube of the lamp consists 
of quartz and is mounted in a nitrogen-filled bulb, the rear of 
which is covered on the inside with a mirror to concentrate the 
light beam in a relatively small solid angle. The flash-time of 
such a lamp is about 10“^ sec. 

The generator consists essentially of a condenser which is 
gradually charged through a resistance up to 600 volts, and then 
discharged through a relay valve, which controls the moments at 
which the discharges are required, and the flash lamp. According 
to the employment of the stroboscope, there are different ways, 
both electrical and mechanical, of synchronising the voltage im¬ 
pulses which actuate the relay valve ; in the case of non-periodical 
phenomena, use may be made of a microphone or a photo-cell 
with an amplifier for synchronising purposes. 

In order to be able to control accurately the number of flashes 
per second furnished by the stroboscope, the apparatus is pro¬ 
vided with a frequency meter, and with the help of this the 
frequencies of vibrations or other periodic movements can be 
determined. 


With such a stroboscope interesting phenomena which occur in 
a certain phase of the motion being investigated can be recorded 
photographically, while photograpliy is also capable of furnishing 
information about events which occur only' once. 

The following examples ^vill indicate the scope of the instru¬ 
ment (.see Plate 6 facing p. 263). In order to study the })heno- 
menon of cavitation due to bubbles of gas or vapour in the water 
and which may result in serious erosion of the material of a ship's 
screw, models of screws are observed in a tank, d'he tank is 
provided with gla.ss windows through which it is po.ssible to 
illuminate the model screw stroboscopically and to ob.serve and 
photograph the cavitation effects, 'rhus it is |)o.ssible to modify 
the dimensions and shape of the screw in order to avoid cavi¬ 
tation. 


A furtluT application i.s found in the investigation of jets of 
liquid.s in the hibrication of machines for metal working. In the 
photograpli of the lubrication of a centreless grinding machine 
which i.s reproduced, it can be seen that the lubricant is blow'ii 
aside by' the wind from the grindstone, and thus does not flow 
over the grindstone as was itdended. Tliis ob.servation led to a 
change in construction. 
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Another example of the use of the stroboscope is suggested by 
the illustration of the collision between a tennis ball and a racket, 
while the possibility of photography at exactly the right mo¬ 
ment is suggested by the illustration of a hammer smashing an 
electric light bulb. 

OTHER METHODS OF DETERMINING FREQUENCY 

Phonic wheel. This device, which was invented independently 
about 1878 by Lord Rayleigh and M. la Cour, can give a very 
accurate determination of the frequency of a fork. The apparatus 
may take various forms, but the essential feature is the approxi- 
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Phonic wheel. 

mate closing of the magnetic circuit of an electromagnet fed with 
an intermittent current by one or more soft-iron armatures 
carried by the wheel and arranged symmetrically around the 
circumference. 

The phonic wheel consists of an iron wheel a few inches in dia¬ 
meter having equidistant studs or cogs on its periphery and cap¬ 
able of rotation about a horizontal axis. Two electromagnets d/j 
and Jig, placed as shown so that the cogs almost touch the cores 
of the magnets, are excited by the intermittent current from an 
electrically maintained fork F. The wheel is first made to rotate 
by hand, but at a certain speed the wheel will continue to run of 
its own account. This is due to the fact that the frequency of 
excitation, that is, the frequency of the fork, is then equal to the 
number of cogs passing per second. Hence, if the number of cogs 
is knoAVTi and the rotation of the wheel timed, the frequency can 
easily be calculated. 

In the course of the rotation of the wheel, if the passage of a 
cog opposite the electromagnet synchronises with the middle of 
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the time of excitation, the electromagnetic forces acting on the 
cog during its advance and its retreat balance one another. If, 
however, the wheel be a little in arrear, it will be found that the 
acting forces encourage the rotation, w’hile if the phase of the 
wheel be in advance the motion will be retarded. By a self¬ 
acting adjustment the rotation settles down into such a phase 
that the driving forces balance the resistances. 

Thus, in addition to its use as a means of finding frequency, the 
phonic wheel is an example of an intermittent current being used 
to regulate the speed of a rotating object. 



Helmholtz fork-interrupter with a driven fork (right). 


Apart from valve-maintained forks, the usual method of ob¬ 
taining an intermittent current to actuate an electrically driven 
tuning fork is by using a metallic make and break as described on 
p. 102 Reference must also be made to the fork-interrupter, 
invented by Helmholtz. This may consist of a tuning fork with 
the usual electromagnet between the prongs. The wires of the 
magnet are connected one with one pole of a battery and the other 
with a mercury cup as indicated in the diagram ; the other pole 
of the battery is connected with a second mercury cup. A U- 
shaped rider of insulated wire is carried by the lower i)rong so 
that the ends are over the cups and at such a height that during 
the vibration the circuit is alternately made and broken by one 
end of the rider in and out of the mercury ; the other end of the 
rider may be permanently immersed in the mercury in the other 
cup. By means of the periodic force thus obtained, the vibrations 
of the fork are permanently maintained. 

To understand fully the mode of working of such an interrupter, 
it is necessary to consider what work is available to compensate 
for the effect of frictional forces during the motion, and to do this, 
account must be taken of the retardation of the current due to 
irregular contact and to self-induction. When the point of the 
rider first touches the mercury, the electric contact is im})eiTect, 
probably on account of adhering air ; while when it leaves the 
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mercury, the contact is prolonged on account of adhesion of the 
mercury to the wire. Thus, in both cases, the current is retarded 
behind what would correspond to the position of the fork. The 
effect of this retardation, together with that due to self-induction, 
is that more work is gained by the fork while the rider is leaving 
the merciu-y, than is lost during its entrance, and thus a balance 
remains to overcome the friction. 

The fork-interrupter can of course be used to set another fork 
into forced vibration, and the diagram shows the necessary 
connections. 

Lord Rayleigh’s method. The late Lord Rayleigh performed 
many experiments on the determination of frequency, and two of 
his methods will be briefly described. In the first method, an 
electrically maintained interrupter fork of frequency 32 was 
employed to drive a dependent fork of frequency 128, exactly 
four times as great. This apparatus was used to test the accu¬ 
racy of a standard fork of nominal frequency 128, and this fork 
can of course be readily compared by beats or by optical methods 
■with the dependent fork. Therefore if the exact frequency of the 
driver fork (32) can be obtained, the frequency of the standard 
fork is easily determined. 

The driver fork was compared %vith the pendulum of a clock, 
the rate of which was kno^TO, and the comparison could be direct 
or by the use of a phonic wheel; Rayleigh used the latter method. 
The pendulum was provided wth a silvered bead on which a light 
was concentrated, and in front of the pendulum was placed a 
screen perforated with a narrow vertical slit. The bright point 
of light reflected from the pendulum was viewed through a hole in 
the phonic wheel which was arranged so that one revolution 
corresponded to four complete vibrations of the interrupter ; thus 
there were eight views of the pendulum per second. Now, any 
deviation of the period of the pendulum from an exact multiple 
of the period of intermittence shows itself as a cycle of chang^ 
in the appearance of the flash of light, and the duration of this 
cycle was observed. Let a be the number of cycles per second 
between the wheel and the clock. The period of the cycle is the 
time required for the wheel to gain, or lose, one revolution upon 
the clock ; hence the frequency of revolution is 8 ±ce, and the 
frequency of the driver fork is 32 di4a. This makes the fre¬ 
quency of the dependent fork 128 ±16a, and if there are b beats 
per second between this fork and the standard, the frequency of 
the latter is 128 ± 16a ±6. This is on the assumption that the 
clock is quite correct; if it is not, any error can be allowed for. 
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The second method involves the use of only a harmonium and 
a watch, and the principle of the method is that the absolute 
frequencies of two musical notes can be deduced from the inter¬ 
val between them, and the number of beats produced when both 
notes are sounded together. If x and y are the frequencies of two 
notes giving an interval of a major third on the equal tempera¬ 
ment scale, it is known that y = 1 •25992a- (see Chapter XI). Now 
the major third on the tempered scale is slightly different from 
the same interval on the true scale, and if the two notes are 
sounded together, the number of beats heard in a second depend¬ 
ing on the deviation of the third from true intonation is Ay - ox. 
Hence, from the two equations, the values of x and y can be 
found. 


Vibration microscope. As the changes which take place in 
Lissajous' figures afford such an accurate method of adjusting the 
frequencies of two forks to certain fixed ratios, the method is of 
much use in adjusting the ])itch of forks. Since, however, 
ordinary forks are not fitterl with a mirror and also the addition 
of a mirror would alter the pitch, the arrangement described 
previously in Chapter VI would 


not be applicable. A modifica¬ 
tion of the arrangement was in¬ 
vented by Lissajous and is called 
the vibration microscope. A large 
fork A, w'hich is the standard, 
carries a small lens B attached 
to one of its prongs. This lens 
forms the objective of a small 
microsco])e C supj)orted in a sepa¬ 
rate stand. Fork D whicli is being 
adjusted is arranged so that its 
prongs vibrate at right angles to 
those of A. If the micros<*o})e is 
focussed on a small dot on the 
end of one of the prongs of JJ and 
the standard fork alone is sound¬ 
ing, the dot will appear to be 
drawn out into a line parallel to 
line F owing to the to and fro 
motion of lens B. If -1 is at rest 
and D is vibrating, the dot will 
appear as a line parallel to line 
F. When both are vibrating the 
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pattern traced out will be the Lissajous figure appropriate to the 
relative frequencies of the forks. The frequency of D can be 
adjusted to the value required by filing the prongs either near the 
extremity to raise its pitch, or near the stem to lower it. 



CHAPTER XI 


MUSICAL SCALES : TEMPERAMENT : 
INSTRUMENTS : RECORDING 

4 

Although the music of different nations shows many striking 
and characteristic differences, a fundamental similarity is that 
each uses a definite scale or series of notes, and its music proceeds 
from note to note by determinate steps, though the selection of 
notes is varied in detail. The octave is an interval that is uni¬ 
versally used, and the fourth and fifth are extremely common ; 
and it is worth remembering that these intervals are the ones 
which gives the most perfect consonances. It must not be 
thought, however, that the notes of the scale were deliberately 
chosen so that they might be used for harmony, for even as late 
as the fifteenth and sixteenth centuries the principles of harmony 
were unknown, the purely melodic music being predominant. 

The rapid growth of harmony and tonality was largely due to 
the Reformation, for it was a Protestant principle that the con¬ 
gregation should do its own singing, and as all voices could not 
sing the same notes without strain, this led to a repetition of the 
melody a fifth or a fourth above or below. From this beginning 
the scale was gradually developed to include notes derived from 
the more consonant intervals, the chief being the octave, fifth, 
fourth, major sixth and major third. If C is taken as the starting 
point, the notes defined by these intervals are C, O, F, A , E, and 
arranging them in ascending order of pitch, we get C-E F G A-c. 
Now, the first and the last intervals between these notes are 
much larger than the others, and eventually two note.s D and B 
were found to fill the gaps, thus giving the major diatonic scale. 

Diatonic scale. The diatonic scale is really developed from one 
of tiie old Greek scales and afterwards modified by the principle 
of tonality. The Greek scales were developed with the aid of the 
tetrachord to give a series of eight notes, and it seems that the 
Greek system arrived at maturity in the stage in which a range 
of sounds extending only for two octaves was mapped out into a 
series of seven modes. 

The modern diatonic scale has already been referred to in 
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Chapter VI, but for the sake of reference the chief features will be 
repeated here. The scale consists of eight notes comprising an 
octave, and there is a definite frequency-ratio between the notes 
as shown. 

cdefgahc' 

1 9 1 4 3 S 9 

■^ 843238 ^ 

24 27 30 32 36 40 45 48 

The intervals between successive notes are found by dividing the 
number representing each note by the number representing the 
one immediately below. Thus the interval from rf to c is given 
by 27/24 or 9/8, and we obtain the following ratios for the inter¬ 
vals between successive notes : 


cdefgabc' 



Notice that these intervals are of three different sizes; the 
largest, 9/8, is a major tone, the next ratio 10/9 is a minor tone 
and the smallest 16/15 is a semitone. It Avill also be noticed that 
the following relations exist between certain notes in an octave. 


c :e :g =4:5:6, 
g : b : d' -4 : 5 ; 6, 
f : a : c' —4:5:6, 


These particular sets of notes are called harmonic triads; the first 
is the tonic triad, the next the dominant triad and the last the 
sub-dominant triad. In all three cases the effect which is pro¬ 
duced when the notes are sounded simultaneously is pleasing to 
Western ears. 

Chromatic scale and temperament. In ancient music, the inter¬ 
vals of tones and semitones were differently arranged in the 
different modes or scales to infuse variety into the music ; but by 
the time the diatonic scale was completed the old modes had 
disappeared and the only ones left were the major and minor 
modes, which of course limited variety. Furthermore, since the 
human voice and man}" other musical intervals have a limited 
compass, it became necessary to extend the choice of a key-note 
to any note of the scale, so that the song or composition could be 
brought within the limited compass. So long as the diatonic 
scale of C is retained, the seven notes of the scale are all that are 
required in a musical composition ; but as stated above, it is 
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frequently desired to change the key-note, and another diatonic 
scale would be required wth the new key-note as doh. For 
example, suppose it is required to transpose a composition from 
the original in C to the key of G ; this process is called ynodulation. 
It is now necessary to find what notes would be required in the 
new scale, and this is done by raising each note of the original 
scale by a fifth by multiplying its frequency by 3/2. Hence we 
have (refer to table at top of p. 218): 

Key C Key G 

n 9 .^3 27 

^ 8 ^2 — le 

f xf B 

F f X v =2 giving c 

G I x -| =1 giving an octave higher than D 

^ 3 >^t 6 a-n octave higher than E 

R IS .^3 _ 45 

y A 2 “16 

It will be seen that, of the original notes in key C, use can be made 
in the new scale of the notes B, C, D and E, together with, of 
course, the new key-note G. But instead of A with a frequency of 
5/3, there is a note slightly different with a frequency of 27/16, 
the interval between these two, represented by 81/80, being 
called a comma. Also, instead of F, with a frequency of 4/3, there 
is a note of frequency 45/32, almost midway between F and G. 
Hence for the new scale two new notes have to be introduced, and 
if this has to be done for each modulation, it is obvious that the 
total number of notes required in the octave will become very 
large. For voices and some stringed instruments this does not 
matter, but for keyed instruments it is of the greatest importance. 

The requirement of seven notes to the octave as represented 
by the diatonic scale has now been extended and the number of 
notes increased to twelve, and a glance at the keyboard/of a 
piano will show that the octave comprises seven white and five 
black notes as shown. It must be noted, however, that some 
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sacrifice of true intonation has to be made in order to limit the 
the notes to twelve, and this compromise is termed temperament. 

Various s^^stems of temperament have been used, chief among 
which are the Pythagorean system, mean tone temperament and 
equal temperament. The simplest and that now universally 
adopted, is the last one. On referring to the numbers representing 
the frequencies for the diatonic scale, it will be seen that the inter¬ 
vals from c to d, d to e, f to g, g to a and "a to b are nearly 
the same, being represented by 9/8 or 10/9, while the intervals from 
e to / and b to c, represented by 16/15, are about half as much. 
In the system of equal temperament, the octave is divided into 
twelve exactly equal semitones, and this gives complete freedom 
of modulation. In addition, as all the intervals are exactly equal, 
it is just a matter of convenience which note is chosen as the 
key-note. From the twelve notes, wiiich comprise the chromatic 
scale, the diatonic scale belonging to any key can be selected 
according to the follow'ing rule. Taking the key-note as the first, 
fill up the series with the third, fifth, sixth, eighth, tenth, twelfth 
and thirteenth notes counting upwards. As an example, consider 
the scale of G. The notes of the ciiromatic scale can be witten as 
follows : 

G A Be cf d d? e / /S ( 7 . 

1 3 5 6 8 10 12 13 

Thus the notes required for the scale of G are 

G, A, B, c, d, e, g. 

Other scales may be dealt with in a similar way ; but it must-be 
noted that/s (/ sharp) is in between the notes/ and g, and is a 
note higher in pitch than / but Iow*er than g. It could equally 
well be Avritten g^t (g flat), and indeed it is sometimes more con¬ 
venient to regard these accidental notes, as they are sometimes 
called, as flats rather than as sharps. But whichever way they 
are regarded, on the tempered scale g>) and ft and similar pairs 
are identical in pitch, for they are really the same note on a 
keyed instrument. 

As has been stated earlier, the advantages of the equal tempera¬ 
ment scale are obtained at a sacrifice of true intonation, and in the 
first place it is easy to show that the tempered semitone is not 
identical with the true semitone, which interval is 16/15 or 1*067. 
To find the value of the tempered semitone, it must be remem¬ 
bered that, repeated twelve times, it doubles the frequency of the 
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note. Let x be the ratio of the frequencies for the semitone. We 
have x^^ = 2y whence = = 1*0595. Further examples of the 

difference between the two scales are as follows. The tempered 
third, being the third part of an octave, is represented by the 
ratio 2^/^2 . j or 1*2599, while the true third is represented by 1*25. 
This difference, of course, is not of much consequence in quick 
music played on a piano, but if the notes are sustained as in a 
harmonium or an organ, the consonance of chords is slightly im¬ 
paired. Again, the tempered fifth is obtained from the ratio 
2’/^2: 1 or 1*4983, since seven semitones make a fifth and there 
are twelve in an octave. This interval is therefore lower than a 
true fifth in the ratio 1*4983 : 1*5 or approximately 881 : 882, 
which also is very small. Finally, from the accompanying table 
it will be seen that the intervals of the harmonic triads in the 
tempered scale are 1 : 1*2599 : 1*4983 instead of 1 ; 1*25 : 1*5 for 
the true diatonic scale. 


Table Comparing the True Diatonic Scale with 
THE Scale of Equal Temperament 


Note 

Frequency-ratio 

Frequency-ratio 

Inter\'ai in cents 

1 

Freiiueticy with 
a'»440 (Standard) 

True Scale 

Tempered scuile 

True 

i 

Tem¬ 

pered 

True 

Tem¬ 

pered 

c' 

d' 

e' 

r 

9’ 

a' 

6' 

c" 

1*0 

-1 = 1*125 

1 = 1*25 
-J = 1*333 
ii = 1*500 

1 = 1*667 
*L/ = 1-875 

2 = 2*0 

1*0 

22 12 = 1.1246 

1 24 12 =1.2599 
2^/12 =1*3348 

27/12 =1.49 83 

29/12 = 1.0818 
211/12 ^l.ggvg 

2 =2*0 

0 

204 

386 

498 

702 

884 

1088 

1200 

0 ' 
200 
400 
500 
700 
900 
1100 
1200 

264 

297 

330 

352 

396 

440 

495 

528 

261*7 

293*7 

329*7 

349*2 

392 

440 

493*9 

523*3 


MUSICAL INSTRUMENTS 

Probably the first musical instrument ever invented was the 
drum, perhaps a development of the hollow tree which primitive 
men found emitted a sound when struck on the outside. In any 
event, the drum is certainly the ancestor of all percussion instru¬ 
ments. 

So far as wind instruments are concerned, these probably have 
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their origin in the sounds produced in hollow bamboo pipes when 
the ■\^'in^l blows across them, and a development of this, Pan's 
pipes, blown -with the mouth, is the ancestor of modern wind 
instruments; one of the earliest of these instruments was the 
ocarina, which Avas certainl}^ knowTi to the ancient Chinese. The 
forerunner of the stringed instruments seems to be the lyre, Avhich 
of course was played in olden times, most probably to accompany 
singing and not as a solo instrument. 

It is not the intention here to discuss all the musical instru¬ 
ments, ancient and modern, but rather to consider how the 
acoustic principles dealt Avith in earlier chapters are applied to 
t}'}hcal instruments. 

The most general and broad classification is to divide all 
instruments, as suggested above, into the three classes, stringed, 
Avind and percussion instruments, but of course there are other 
Avays in Avhich instruments can be distinguished from each other. 
In the first place, one could investigate hoAv the sounds are pro¬ 
duced in the various instruments, and in this connection, the 


1 

Foature.s of in.strument 

Instrument 

' Characteristic 

1 Com[>ass of instru- 
' ment 

1 [Harmonium 
IConcertina 

large compass 
; small compass 

Scale in use 1 

!/Bugle 

ICornet 

1 harmonic series 

' chromatic series 

1 

PoAA'er of sound 

1 

1 

JTrombone 

1 Flute 

poAverfuI sound 
feeble sound 

Nature of sound 

1 

1 

[Trumpet 
IClarinet 1 

declamatory 
; smooth 

1 * 

Persistence of sound | 

1 

rHarp 

1 Violin 1 

sounds quickly die 
aAvay 

sounds are sustained 

* 1 
Quality | 

f Oboe 

iFrenchhorn 1 

penetrating quality 
muffled quality 

Capacity for melody 
or harmonv 

r Cello 1 

1 Piano 

melody (generally) 
harmonv 
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exciter whicli causes the vibration, tlic vibrating system includ¬ 
ing the actual vibrator and any resonator present, and the 
manipulative mechanism for the production of scales, expression, 
etc., would all have to be considered. Then again, different 
instruments possess definite characteristics which distinguish 
them from other instruments, such as compass, the scale used, 
whether the sounds are powerful or feeble, and so on, and the 
table o])posite indicates some of these distinguishing features. 

Finally, musical instruments may be classified on a more 
scientific basis by considering the overtones in the sounds pro¬ 
duced. In most instruments, the full harmonic series of over¬ 
tones is present; but, as has been seen earlier, there are several 
in which only the odd harmonic series is found. In church bells, 
bars and gongs, the overtones are inharmonic, that is, the fre¬ 
quencies are inexpressible by small whole numbers, while of 
course the tuning fork is practically without overtones. The 
human voice, which will be dealt with more fully later in the 
chapter, is rather unique as a musical instrument, inasmuch as 
some of its harmonics near fixed pitches are specially favoured 
whatever the pitch of the note. 

The rest of this section will be devoted to considering certain 
typical instruments in the three broad classes mentioned above. 
These are : 


(1) Stringed instruments, in which a .stretched string is made 
to vibrate (u) by means of a bow, as in a violin, cello, etc. ; (/>) by 
striking with a'padded hammer as in the piano ; (r) by j)lucking 
with the finger or a ])lcctrum of metal or bone as in the haiq), etc. 

(2) Wind instruments, which are sub-divided into two classes : 
(u) brass instruments in which the air columns are set into vibra¬ 
tion by the jilayers' lips, as in the trumpet, etc. ; {h) wood-wind 
instruments, wliere the vibrations are caused by reeds as in the 
case of oboes, clarinets, etc. 

(3) Percussion instruments, such as drums, cymbals, tam¬ 
bourines, bells, etc., in which the vibrations are cau.sed by 
striking with a hammer a stretched membrane or a metal plate 
or rod. 


STRINGED INSTRUMENTS 

((■/) Violin. The essential features of this instrument ar(* w(‘ll- 
known. In classical form it consists of a wooden box of charac¬ 
teristic shape, composed of a back, belly and ribs. I’hcse are 
shaped out of thin wood, the belly generally being made of pine, 
and maple is used for the rest. A neck or handle is affixed to one 
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end, and a tail-piece, to which the strings are fastened, to the 
other. 

The four strings, giving as their prime notes the pitches of g 
(lowest), d\ a\ e’' (highest), are made of gut obtained from the 
intestines of lambs, and the g string is wrapped round with fine 
wire. This increases the mass per unit length of the string with¬ 
out unduly interfering ^nth its flexibility. Nowadays, solid 
metal strings (steel and aluminium) are sometimes used. The 
strings are tuned in perfect fifths by adjusting the tension by 
means of the pegs provided (or in the case of metal strings by 
other devices), and they are made to give the various notes of the 
scale by stopping ”, that is, by pressing them down on to the 
finger-board ■with the finger. Since shortening the vibrating part 
of a string always raises the pitch of the note, it is clear that the 
compass of the violin is limited at its lower end by the prime tone 
of the g string, but the upper limit depends almost solely on the 
skill of the performer. The skilled violinist has also great control 
over the quality of the notes, and can determine the overtones 
which shall accom])any the fundamental by altering the point on 
the string at which the bow is applied, and by lightly touching it 
without ‘stopping”. In general, the special quality of tone charac¬ 
teristic of the violin is associated with a very complete set of 
overtones, but there seems no doubt that the tone also depends 
upon the wood chosen, the shape and even the varnish used. 

The bow, consisting of stretched horse-hair, is usually applied 
to a point of the string about one-twelfth of the length from the 
bridge, and of course the motion of the bow should be across the 
string. Any motion along the string sets up longitudinal vibra¬ 
tions, and this usually accounts for the high-pitched squeaks 
produced when the instrument is in the hands of a beginner. 

The vibrations of the strings themselves would give a weak and 
poor sound if they were unable to communicate their vibrations 
to -some resonating surface, and this is achieved by the bridge, 
which transmits the vibrations to the bellv of the instrument. 
Inside the body is a piece of wood called the sound-post, wedged 
between the belly and the back and sustaining the pressure of the 
bridge, and this touches the belly at a point near the foot of the 
bridge to play its part in transmitting the vibrations. It is the 
foot of the bridge near the less tightly stretched g string which 
plays the principal part in the transmission of the vibrations, 
which are then transmitted to the back chiefly by the sound-post, 
but also partly by the sides. 

The vibrating of a violin string when bowed is due to the fact 
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that when the bow is firmly applied and then drawn, the friction 
between the two surfaces is sufficient to cause the string to be 
displaced while still in contact with the bow. But eventually the 
restoring force overcomes the force of static friction and the 
string slips past the bow towards its normal position. It becomes 
displaced in the opposite direction for probably half a complete 
vibration, when it is again gripped by the bow and the action 
repeated a number of times. The nature of the vibration, how¬ 
ever, requires a little investigation. Since the note produced is 
musical, it is to be inferred that the vibrations are periodic, giving 
a regular displacement diagram, which in the ordinary simplest 
case of harmonic motion is a sine curve. The note elicited by the 
bow has practically the same ])itch as the natural note of the 
string. Hence the vibrations, although forced, are in some sense 
free ; they are wholly dependent for their maintenance on the 
energy drawn from the bow and yet the bow does not determine 
or scarcely modify their periods. 

It imist not be concluded, however, that becau.se the string 
vibrates with its natural periods the displacement diagram is of 
the usual sine form. Helmholtz investigated this problem, and 
from the indications of theory su])])lemented by experimental 
observation succeeded in determining the principal features of the 
case. In his experimental work, he used a vibration microsco})e 
to obtain a view of the curve representing the motion of the point 
of the string under observation : but a device used by Krigar 
Menzel and Raps will be described here. In this arrangement, a 
brightly illuminated vertical slit was placed behind a horizontally 
stretched string at the point where the motion was to be observed. 
An image of the slit was throvii on to a ])hotographic plate by a 
lens and of course it showed up as a bright slit with a dark spot 
where it was crossed by the string. If now the string is bowed so 
as to set it vibrating in a vertical plane, the spot will appear to 
move up and down, following the motion of the striiig. Generally, 
the vibrations will be much too rapid for the spot to be visible, but 
if the plate is moved horizontally at the same time, a curve will be 
traced on it, which in fact is the displacement diagram of the 
point of the string under observ'ation. 

It was found tliat, although the form of the curve depends to 
some extent on the point of observation and the point at which 
the boAV is applied, the most usual form was the straight-line t\'])e 
of displacement indicated in the diagram, where AB represents a 
complete period, the abscissae corresponding to time and the 
ordinates corresponding to the dis]>lacement of the point. The 
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diagram shows that the whole period may be divided into two 
parts, during each of which the velocity of the observed point is 
constant, but the velocities to and fro are unequal. According to 
Lord Rayleigh, the simplest results are obtained when the bow is 
applied at a node of one of the higher components of the note, 
and the point observed is one of the other nodes of the same 
s^’stem of vibrations. 

It will be seen from the above that the harmonic content of a 
note played on a violin is a very complex function, depending on 
a number of factors ; but a further complication is found when 
the harmonic structure of the sound from each string is analysed, 
for each string behaves differently as regards both the intensity 
and the number of harmonics. In the e" and g strings the funda¬ 
mental is relatively weak, especially in the latter string, but in 
S})ite of this, the characteristic pitch is usually associated with the 
lowest frequency. This is due to that property of the car which 
enables it to associate the whole harmonic series with the mathe¬ 
matical fundamental, even though the latter may be weak or 
indeed mi-ssing altogether. In the a' and d' strings the funda¬ 
mental is the most intense. 

(6) Piano, In this instrument, a set of ^Wres of different 
lengths is stretched on an iron frame ; this frame may be vertical 
as in the upright piano, or it may be horizontal, as in the grand 
piano. The longest wires are on the left-hand side of the instru¬ 
ment : and each of these is a single thick wire loaded with a 
closely wound spiral of thick copper wire WTapped around it: these 
wires when struck emit the low-j)itched notes. After these wires, 
about twenty in all, is a set of pairs of thinner wires which are not 
loaded ; there are perhaps thirty of these double " wires. 
Beyond these on the right-hand sifle are the remainder of the 
wires, of gradually decreasing length, arranged in groups of three, 
the wires of each group giving the same pitched note when struck. 
The purpose of the “ doubling '* and the “ trebling " of the upper 
wires it to give a more or less uniform intensity of sound, for if all 
the notes had single wires the upper notes would sound weak in 
comparison with the bass notes. 

At the bottom of the piano are two pedals for use by the feet 
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of the pianist. When neither pedal is depressed, an arrangement 
is used for automatically damping the vibration of the wire 
immediately after it has been struck and the keyboard “ note ” 
released ; this ensures that the note is sounded for only an 
instant. Such an action is necessary when the pianist is playing 
a tune, otherwise one note would be sounding when the next one 
was struck. If the left pedal, known as the soft 'pedal, is depressed, 
the rack supporting the hammers is moved nearer the wires, or a 
strip of felt is interposed between hammers and wires ; lienee the 
blow given to the wire is not so strong. If the right pedal, known 
as the sustaining pedal, is depressed, the damping arrangement 
does not function ; hence the wires continue to vibrate, giving a 
sustained note. A sounding board is fixed to the back of the 
frame of the piano to increase tlie intensity of the sounds. 

The wooden hammers with which the wires arc struck are 
covered with felt, and strike the wire at a point about one-seventh 
of the length of the wire from one end, and this cause.s the seventh, 
eighth and ninth overtones to be rather weak. The characteristic 
quality not only depends upon the overtones jiresent, but also on 
the hardness of the hammers, on their time of contact with the 
wires and on the sounding board. If the luunmer surface is 
sharp and hard, the upper overtones become more prominent 
and the resulting quality is brilliant and ev’cn harsh. On the 
other hand, if the hammers are Hat and soft, the tone becomes 
dull ; the (piality desired between tliese extremes can be obtained 
to some extent at any rate by teasing out the felt. In the design 
of a [)iano it is important that the strain on the frame sliould be 
uniform ; the tension therefore of all the wires must be approxi¬ 
mately the same. 

4 

(c) Harp. In a piano, the sounds may be regarded as conMant, 
inasrnucli as each note re(juires a separate string, while in instru- 
ments sucli as the violin and guitar, the sounds are varied by tlie 
fingering and can therefore be produced with fewer strings. The 
harp is a kind of transition from the instruments with constant 
sounds to tho.se with variable sounds. Its strings correspond to 
the natural notes of the scale, but by means of pedals the lengths 
of the vi))rating parts can be changed .so as to produce the sharps 
and fiats, fi'he sounds are produced by plucking the strings with 
the finger, which is relatively broad and soft, anci this gives to the 
harj) its characteristic sweet and .soft tone. It shouhl be noted 
here that the ivory |»lectrum used in a mandoline gives a harsh 
metallic (piality. fi'he number of overtones sounding when a 
harp is jilaycd is about the same as in the case of a piano ; but 
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()scillo<;rariis of some inusioal instruments, {u) Tuning fork ; 
(h) reeoicior; (c) flute; tfl obo<* ; (() clarinet : {/i saxophone, 
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permission of G. li. Dai.sli and 1). H. Tender. 
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there is a marked difference in the relative intensities of the over¬ 
tones in the two cases. In the piano, the first overtone is quite 
strong and the subsequent higher ones comparatively weak, 
whereas in the harp, the first overtone, although strong, has a 
lower relative intensity than the corresponding one in the piano, 
and there is a much more gradual falling off in intensity among 
the subsequent overtones. 

The sound from a harp is strengthened by the sounding-box 
and also by the vibrations of the other strings harmonic with those 
played. 


WIND INSTRUMENTS 

Wood-wind. The chief instruments of this type used in 
orchestral work are the flute, oboe, clarinet and bassoon, and a 
feature common to all of them is that, to give the various notes, 
they are all provided with holes, some of which are covered by 
keys and the rest by the fingers. 

The flute is a special adaptation of the flue pipe of an organ, 
and is excited by a blade-like stream of air being blown across the 
mouthpiece aperture. The modes of vibration of the air in the 
tube and the pitch of the resulting note are controlled by opening 
and closing the holes at different points. In this respect it is 
similar to a tin-whistle, though the mechanical method of exciting 
the vibrations is different in the two cases, and where<is the tin- 
whistle usually produces the notes of the diatonic scale, the flute 
gives the chromatic scale with a range of about an octave. The 
resonances of a flute are similar to those of a pipe open at both 
ends, and both even and odd harmonics may be present. 

The oboe, clarinet and bassoon are definitely reed instruments, 
and are excited by small single or double-cane reeds in the mouth¬ 
pieces. To re-state here what was said in Chapter \'lll, the oboe 
is a conical tube whereas the clarinet is a cvlindrical tube. Hence, 
although in both instruments one end i.s open and the other clo.sed 
by a reed, the whole harmonic series of overtones may be j)resent 
in the oboe but only the odd overtones in the clarinet. 

Another important difference between the clarinet and the 
oboe is in the relative energies of the fundamental and the various 
harmonics present. In the former in-strunuMit, the fundamental 
is rather weak and most of the energy is in just a few of the 
higher harmonics ; but in the oboe the fundamental is practically 
missing and about two-thirds of the total energy is in the 4th 
and 5th harmonics. In the ease of the flute the fundamental is 
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{a) I'hite; (h) clarinet ; (c) trombone; (c/) comet; (c) bugle; 

(/) French born. From McKenzie, Sound jCamb. Univ. Press). 

strong, and very little energy is in any of the harmonics except 
the 2nd. 

In the .smaller reed instruments like the clarinet the reed is 
tuned to a frequency considerably higher than the fundamental 
fretiueney of the air column. This means that for the lower notes 
the frequency of the reed is controlled by the natural frequencies 
of the air column, but for the higher notes, the natural frequencies 
of the reed are more of a controlling factor, and the reed resonances 
strengthen the higher harmonics of the instrument. 

Brass instruments. In the.se instruments, chief among which 
arc tlie bugle, trumpet, cornet, trombone and French horn, the 
lips of the player act as a doul)le membranous reed and are the 
controlling cause of the vibrations of the air inside the instru¬ 
ments. The essential feature of all these instruments is a metal 
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tube, narrow at the mouth-piece and opening out at the other end. 
As was stated in Chapter VIII, the exact shape of the tube is 
carefully adjusted so that the natural modes of vibration of the 
air may give a series of overtones forming an exact harmonic 
series with the fundamental. 

A limitation of these instruments is that it is only when the 
frequency of vibration of the lips of the performer coincides with 
the fundamental or one of the overtones of the instrument that 
any musical note will result. It will be remembered that if the 
fundamental is, say, c, the harmonic series of overtones will be 
c', c", e", (j'\ etc., and these are the only notes obtainable in 

brass instruments, unless some special provision is made for 
altering the effective length of the tube. In the bugle there is no 
mechanism whereby the length can be varied ; hence the range 
of possible tones is confined to the harmonic .series. 

In the trumpet, comet, French horn, etc., there are valves or 
pistons which, when depressed, add an extra length of tubing to tlie 
instrument and hence lower the pitch of the note. There are as a 
rule three such valves, which lower the scale of the instrument by 
a semitone, a tone and three semitones respectively, and as they 
can be used simultaneously the scale can be lowered by six semi¬ 
tones. If these instruments are to be used with otliers it is of 


course necessary that some j)rovision should be made for tuning. 
This is very often done by a small adjustable crook which alters 
the scale by about a semitone, but care has to be taken to see that 
any alteration in length brought into action by the use of the 
valves or pistons j)ro(iuces the same effect for one position of 
tuning-crook as for another. To give facilities for adjusting the 
valves for any ))osition of the tuning-crook, each is fitted with a 
small slide, and in some instruments compensating valves are 
used. 


In th(* trombone the length of the tid)e is varied by means of a 
U-shaj)ed sliding crook which can move in or out. There arc 
seven positions for the crook, and a change from one j)osition to 
the next changes the scale by a semitone, so that the scale of the 
instrument can be changed by six semitones as in the other 
instruments mentioned above, dearly this instrument is not a 
suitable one for playing rajud passages in music. 

Effect of temperature on wind instruments. It was .^een in 
dia|)ter \”111 that the natural frecpiency of viln-ation of a column 
of air of given length is related to the velocity of sound in the air 
: also that this velocity is greater in warm air tlian in 
cold, and greater in moist air tiian in dry. Since the human 
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breath is warmer and moister than ordinary air, it must follow 
that the note obtained on first blowing into a cold instrument is 
somewhat flatter in pitch than that obtained after blowing some 
time. The performer therefore has to warm up his instrument 
before starting to play by gently blowing into it. 

The pitch must also depend somewhat on the temperature of 
the air in the room in which the instruments are being played. 
For small instruments like the flute and oboe which are easily 
warmed by the player’s breath, the variation in pitch is slight, 
and according to D. J. Blaikley’s tables the percentage increase in 
the frequency of these instruments for a rise of temperature of 
10° F. is 0-31 per cent. For the trombone and French horn, the 
increase is 0*60 per cent, and for organ flue pipes 1-05 per cent. 

Reed instruments. It was stated on p. 165 that there are 
two kinds of reeds used in musical instruments, namely, beating 
reeds and free reeds. The former t}q3e are found in organ pipes, 
but the rather cutting quality of tone and disagreeable harshness 
which would be produced as the reed strikes the edges of the open¬ 
ing at each vibration is somewhat modified by the vibration of the 
air column in the pipes. \^ery often, to minimise the harshness 
further, the reed in an organ pipe is curved and made to roll over 
the opening, the lower end of the reed closing over the aperture 
before the tip, thus making the stoppage of the air-blast more 

There are some reed instruments, however, such as the mouth- 
organ, concertina, American organ and harmonium, where there 
are no pipes to modify the quality of the notes emitted, and in 
these instruments, free reeds are used. In the American organ, 
the bellows create a partial vacuum, and the pressure of the 
atmosphere drives air through the reeds ; but in the harmonium 
the bellows drive the air through the reeds directly. It is of 
course the natural frequency of the free reed which determines the 
pitch of the sound emitted in these instruments, and this can be 
altered if necessary by filing the free end to increase the frequency 
or filing the fixed end to flatten the tone. It is clear that free-reed 
instruments, unlike say, the piano, require only occasional tuning. 

In the harmonium, above each reed is a small air chamber, the 
shape and size of which determine the quality of the notes, and 
generally there are eight sets of these controlled by stops, four for 
the treble and four for the bass. The pressure in the wind-chest is 
regulated by a valve, but an “ expression ” stop can be used so 
that the pressure in the chest is completely controlled by the 
pedals, and the sound can be made to swell or diminish as desired. 
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THE HUMAN VOICE 

The mechanism of the human voice may be regarded as a type 
of double-reed instrument. In a cavity in the air passage from 
the lungs to the mouth, situated at the top of the wind-pipe and 
marked in position by the projection in the throat called “ Adam’s 
apple are two horizontal, stretched, greyish-white membranes. 
The cavity is called the larynx and the membranes the vocal 
cords, between which there is a narrow adjustable slit called the 
glottis. The outer edges of the cords are attached to the walls of 
the larynx while the inner edges are free, and in repose the cords 
meet at a fairly acute angle. The sound—the voice—is caused 
by a stream of air from the lungs, which act as a kind of bellows, 
on its way to the nose and mouth. In the production of a sound 
the edges of the cords are brought parallel and j)ractically into 
contact, thus closing the larynx and preventing the passage of air. 
Hence a pressure is built up below the cords and this displaces 
them to allow some air to escape. The elasticity of the cords 
brings then back into position and the process is repeated while 
the stream of air continues, thus causing the cords to vibrate 
with a frequency depending mainly on their natural length and 
tension. 

The vocal cords can be observed in action bv means of an 
instrument known as the 
laryngoscope. In this a power¬ 
ful beam of light is thrown 
down into the lar\Tix by means 
of a mirror held at the back of 
the throat. This lights up the 
vocal cords, etc., and the reflec¬ 
tion in the mirror can be seen 
and examined. 

Helmholtz put forward the 
theory that the j)itch of the note 
emitted depends on the tension 
of the cords, and the quality 
on the resonating chamber, 
which conipri.ses the j)har\mx, 
the mouth and the nose. This 

theory is supported by the fact 

tliat the vocal cords of men are P'-'emm of mouth ami th.-uat in tlio 
, .1 ,t r human being, rrom W instaiilev: 

greater than those of women, (Lougmahs 

and that tenors have shorter Green). 
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cords than basses. The “ breaking ” of a boy's voice is due to 
the natural growth of the larynx and the vocal cords. Also it is 
easy to demonstrate that if one sings up the scale using the same 
vowel sound, say, ah, for each note, it will be be found that the 
setting of the resonator, including the lips, tongue and palate, 
remains unchanged, the differently pitched notes being obtained 
by an adjustment of the vocal cords. 

Although the resonator cannot modify the pitch of the note, it 
can alter the quality by strengthening some of the overtones of 
the note relative to others. It has been observed that when a 
particular vowel is sung or spoken, overtones of frequencies in 
the neighbourhood of certain definite values characteristic of the 
vowel are emphasised whatever the frequency of the note may be. 
Results of this kind, in which the resonator reinforces one or more 
overtones of definite pitch, always the same for the same vowel 
quite irrespective of pitch, suggested the “ fixed pitch ” theory. 
Against this was placed a “ relative i)itch ' theory, which sug¬ 
gested that it is the relation between the fundamental and the 
upper overtones which is effective, and that when the vowel is 
sung at a higher jtitch the whole series of overtones rises, the 
distribution of intensity between them remaining approximately 
the same. The true explanation ])robabIv lies between the two 
views. 

The human voice is generally divided into three registers, the 
low or chest register, the middle register and the head register. 
According to Behnke, the first is produced by vibrations of the 
cords as a whole ; in the second, only the inner edges take part in 
the vibration, while in the case of the head remster the vibration 
is confined to the central portion of the inner edges of the cords. 

.Many singing instructors encourage their pupils, especially 
boys, to use the head register as freely as possible, and suggest 
that in their scale practice they should start on a high-pitched 
note and sing doivn the scale, thereby bringing the “ head '' notes 
as low as possible. Whatever may be the nature of the vibrations 
of the vocal cords in the various registers, it is certain that singers 
trained on the above plan produce more pleasing sounds "with less 
strain than the rough and raucous sounds sometimes heard. 

SOUND RECORDING AND REPRODUCTION 

This topic was mentioned in a general way in Chapter I, and 
now more detailed information of instruments and methods used 
will be given 
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THE GRAMOPHONE 

Development. The recording of sound was first demonstrated 
in 1850 by Eeon Scott de Martinville, who used an ajiparatus 
which he called the phonantograpJi. This consisted of a cylinder 
mounted on bearings with a handle attached to one end of the 
spindle. The eylinder was coated with lamp-black, and when it 
was rotated and sound uttered in front of a mouth-piece, lateral 
traces of the vibrations were jiroduced on the blackened surface 
by a bristle attached to a parcliment diaphragm. It was not 
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thought then that these tract's couM be n'jirodueeil into audilile 
sound and it was lU'aiis' twentv \'cars befort' this was acconi- 
plish(‘<l b\ 'I’homas Alva Ivlison, vho substituttal a riund point 
for the lle.\il)le hristle anil covert'd th(* brass cylindei' with tinfoil 
instead of lainp-hlack. lie found that wlien the needle uas 
passed over tlit' indentations it had made when ' recerdinir ' , the 
sounds wt'ic iiiven back ai^ain. ivlison s machint' was called a 
phonof/nt ph , and it >houlil be noted that tiu' indentatioiw made 
on the tinfoil were ’ up-and-down and not lateral, so that the 
groovt' was of unev t'ii deptli. 

in ISST l-hnilc lierliner of \\'a.-'hin<ilon. after-expcrinienting on 
tire lines of Scott s phonautO'_uaph. conceiveil the idea ol i-ecord- 
in<i on discs in.^tead of c\ linders, and con>ideied that the lateral 
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cuts with constant depth were superior to the “ up-and-down ” 
indentations of Edison. In course of time he passed from en- 
gra\ ing to the method of etching by means of acid on a zinc 
plate, but on account of “ needle-scratch ” due to the roughness 
of the etched groove, he discarded this method and adopted the 
practice of cutting in wax ; thus was born the gramophone, as 
Berliner called his apparatus. 

The disc records used at that time w'ere five inches in diameter 
and the turntable was rotated by hand ; but by 1897 the instru¬ 
ment had advanced to the spring-driven t^'pe with a steel needle. 
As time \\ ent on, records grew in size to first seven and then ten, to 
t^\el\e inches; and gramophones were devised with internal 
horns. In 1924 a new tj^pe of reproducing instrument w^as intro- 
duced in ^\hich the horn and sounder were replaced by a large 

w'as invented by Lumiere, a French 
scientist, but it had a short life, for in 1925 came electrical 
r^oiding, which required a new 13^)6 of gramophone to handle 
eniciently the more intense vibrations. Thus came the instru¬ 
ments with logarithmic horns and sound boxes to track the new 
records without injuring the grooves, and then the “ re-entrant ” 
giamoplK)rie based on the electrical principle of matched im¬ 
pedance, with its ver 3 ’' light diaphragm in an all-metal sound box 
and its large folded exponential horn. 

It is seen that manv advances have been made in the science of 
sound iej)roduction, first in the field of mechanical reproduction 
b\ sound boxes and horns, and afterwards through electrical 
technique using pick-ups, amplifiers and loud-speakers, which 
comprise the modern radiogram. 

jManv of the older t 3 q)es of instruments operated up to a 
frequency of only about 8,000 c.p.s. ; but it has been found that to 
re-create perfectly all musical sounds it is necessar 3 ^ to utilise 
frequencies in the range 30-15,000 c.p.s., even though the latter 
figure IS beyond the range of audibility of the normal listener. 
But it must be remembered that a mere response to the fre¬ 
quencies existing in a sustained note is not the only factor of 
importance in obtaining realistic production. Much of the 
special quality associated with particular instruments depends 
on the initial pulses of sound containing a large number of higher- 
fretpiency constituents which they give out at the instant 
when a new note begins to sound. These pulses are knowm as 

are of particular importance in instruments of 
the percussion type, among which must be classed the piano and 
the string section when plaAung pizzicatoy and also in a large 
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orchestra. By increasing the range of frequency as suggested 
above, the transient response is much improved. 

In one of the latest models, kno^Mi as the electrogram, perfect 
transient response is claimed, and there are other features which 
indicate the big advance made in recent years. The whole instru¬ 
ment, which operates on a frequency range of 30-15,000, com¬ 
prises two units connected by cable, one containing the amplifier 
and gramophone mechanism and the other containing the three 
speakers ; thus the listener can sit with the control cabinet at 
his side, and obtain the reproduction through the speakers at a 
distance away. Apart from the normal ‘‘ volume control, there 
are two other important controls called the “ bass balance and 
the “ noise filter The former enables the bass to be increased 
or decreased to satisfy individual interpretation of music, and the 
second one reduces surface noise and brings out the top register ; 
while ingenious methods have been devised to prevent the 
introduction of any extra tones such as beat-note effects and 
intermodulation not present in the original sound. 

Electrical recording. The general method of acoustic recording 
has been described above, but, as has been stated, this method 
has been superseded by an electrical method. In this method 
great attention is paid in the first instance to the acoustical 
conditions of the studio where the recording takes place, for no 
outside sounds must be heard, and, in addition, reverberation 
times (see Chapter XIII) must be considered. The general 
principle of electrical recording is as follows. The sounds fall on 
a microphone (the usual types are the moving coil, ribbon and 
condenser), and are there converted into corresponding varying 
electric current. The fluctuating current is amplified, and if 
several microphones are used, a “ mixer ’ is necessary to mix the 
outputs of the microphones in any desired proportions. After¬ 
wards the total output is further amplified to a value suitable for 
driving the recording head. In principle, this is an armature held 
so that its uj)per end moves in the space between the poles of an 
electromagnet. The fluctu¬ 
ations of magnetisation in the 
armature give to it a vibratory 
motion which corresponds to 
the fluctuations of the current 
traversing the coil. A sapphire- 
tipped needle fixed in the lower 
end of the armature traces out 
an indented spiral groove in 
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the surface of a wax slab which is made to rotate at a uniform 
speed under the cutter. 

Recording heads may also be of the moving coil and piezoelectric 
types, but the moving iron instrument, as briefly described above, is 
the most popular because of its relative simplicity and robustness! 

Size of disc and turntable speeds. The diameter of the disc used 
101 recording largely depends on the time required for reproduc¬ 
tion, and generally requirements are met by using discs of dif- 

smallest being 10 in. in diameter and the largest 

/ 4 in. Twelve-inch discs give a playing time of about 4*9 min. 
vith a turntable speed of 78 r.p.m. ; but for programmes of 
lo nun. or more, 17 j in. discs are used at 33J r.p.m. 

The fidelity of a reproducing disc largelv depends upon the 
cutting speed during recording, and there is a minimum cutting 
speed below which the recording of the higher frequencies is 
iiK'TTectne. In turn, the cutting speed depends upon the speed 
oi the turntable and the diameter of the groove. It is obvious 
that for a given turntable speed cutting speed must 
decrease as the diameter of the groove decreases, and for a 
specified minimum cutting speed the lower the turntable speed 
the greater must be the minimum groove diameter. What is 
required is^a turntable speed to give maximum recording time 
for a specified minimum cutting speed. As has been seen above, 
with a turntable speed of 78 r.p.m. a recording time of 4-9 min. 
is obtained with a 12-inch disc, but for the same minimum cutting 
speed (and the same fidelity) a time of about 5'0 min. can be 
obtained using the same disc with a turntable speed of 54 r.p.m. 
Hence although a speed of 78 r.p.m. has been universally adopted, 

It IS not the most economical speed for a 12-inch disc. 

In connection with this, it should be noted that it is not 
pos.sibIe to design a stroboscope having an integral number of 
segments for a speed of 78 r.p.m. as wilfbe seen from the follow- 
ing. Suppose the frequency of the mains operating the lamp of 
a stroboscope is n c.p.s. The number of light pulses per second is 
2//, and the interval between two successive impulses is l/2ft sec. 

Jn thi.s time the turntable describes l/2n x*V,60 of a revolution, 
wliere is the turntable speed in r.p.m. Hence the number of 
stroboscope .segments is 12()« .V. 

It 71 — .70 and A =78, the number of segments works out to be 
7fi ,)» . in practice, the .stroboscope has 77 segments, and when 
the pattern appears stationary, A' is 77-92 r.p.m. 

In the Lnited States )i is usually 60 and a stroboscope with 
92 segments is u.sed, giving a turntable speed of 78*26 r.p.m. 
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With a turntable speed of 33J, tlie above problem does not 
arise, for a stroboscope with 180 segments operated with 50 c.p.s. 
mains, and one with 21C segments on a 60 c.p.s. supply both give 
the speed correctly. 

The intensity of the sound produced by a gramophone is pro¬ 
portional to the velocity of the point of the recording stylus, and 
if this intensity is to be independent of the frequency of the note 
being played, the velocity of the moving stylus must also be 
independent of frequency. Now when the stylus moves laterally 
with a sinusoidal note of amplitude a and frequency n, its maxi¬ 
mum velocity is '27rna, and for the intensity to be independent of 
frequency the j)roduct mi must be constant ; hence it follows 
that if the maxinuim velocity of the stylus is constant, a constant 
outpvit is obtained for all frequencies. This is what is referred 
to as constant velocity recording, and the amplitudes of notes of 
the same intensity are inversely proportional to their frequencies ; 
consequently the amplitudes of the grooves of the low notes will 
be greater than those of the high notes. 

Reproduction. The general principles underlying the ordinary 
gramophone are well known. Its most important part is the small 
round sound box, to which the steel or thorn needle is attached. 
The needle is clamped into the lower end of a metal lever which 
is pivoted near the same end, and its movements to either end are 
controlled by two springs .S’l and iS’g. The upper end of the lever 
is attached to the centre of a circular 
disc of thin mica, supported round its 
edge between two solid rings of 
rubber. As the upper arm of the 
lever is much longer than the lower 
arm, any vibrations sideways of the 
needle cause juagnified, but similar, 
vibrations in the mica disc. These 
vibrations set up waves in the air 
which imitate in all details the 
vibrations of the needle. 

When the gramophone is working, 
the needle rests in the groove in the 
recording disc, and as the disc 
rotates, the wave-form cut in the 
groove compels the needle to move 
to-and-fro sideways in exact imitation 
of the waves, and these movements 
are transmitted by the lever to the 
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mica diaphragm of the sound-box. For pure reproduction the 
diaphragm should behave like a piston alternately compressing 
and rarefying the air next to it, and ought not to vibrate in 
any of its natural frequencies. To achieve this, so far as possible, 
the diaphragm is often connected to the lever by a number of feet 
known as a “ spider instead of in the middle only. 

The above type of reproduction may be regarded as the acoustic 
method. Nowadays, however, the preference is for electrical 
reproduction as given in the radiogram, in which the recorded 
vibrations are converted into electrical impulses and amplified by 
valves to be reproduced through a moving coil loud-speaker. 
This involves the use of a pick-up to replace the ordinary sound 
box. The pick-up, which comprises the reproducing head and 
the arm on which it is mounted, may be of the moving iron, 
moving coil or piezoelectric type, and in all these the lateral 
motion of the needle causes alternating electric potentials to be 
set up at the terminals of the instrument. 

The dimensions of the groove cut in the disc and those of the 
needle point are of great importance for faithful recording and 
reproduction. The three diagrams show the point of the needle 



resting in the groove of the record. In (a) the area of contact is so 
small that the pressure exerted would be distinctly damaging to 
the record, and of course there would be excessive noise. In 
addition, as the point is not firmly wedged between the two walls 
of the groove it would skate about across the bottom of the groove 
and cause the reproduction to be distorted. In (b) the other 
extreme is indicated, and the point is so large that it straddles 
across and destroys the tops of the walls of the groove. Diagram 
(c) indicates a mean between the two extremes and is recom¬ 
mended as a correct settino’ 

Commercially, there are many tv-pes of needles in use and of 
various dimensions, and the general aim now seems to be to get a 
closer degree of common-usage among all makers of disc records 
and of reproducing-points as far as possible all over the world. 
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For this purpose the following dimensions have been suggested 
as a basis for greater uniformity : 

For ihe groove : radius of bottom of groove, O-OOlo O-OOlS in. 

angle between sides, 
width across top, O-OObT in. 

For the needle : radius of bottom of tip, ()*0()22 ()-d032 in. 

angle of tij). 40^-4")°. 

Making disc records. After the wax disc has l)e(Mi engraved, it 
is prepared for electro-typing by dusting the .surface with metallic 
j)owder so fine that it does not affect the delicate sound traces. 
It is then mounted and left revolving for some hours in the electro¬ 
lytic !)ath, where a thin but strong " negati\ (‘ " shell of copper is 
(leposited on the wax. I'his shell, known as the ' mast(‘r is 



iiij lourh’sii of L'.M.l.'Fiirlorirti Lf<l. 
the copper .^liell (" master ' ) fVuni tlie wax. 


very eard'ully stripped from the wa.\, and, of course, instead of 
grooves in its surface it Invars the .sound \\a\es from th<‘ wax in 
the haul of ridg(‘s. lv(‘eords could Ite duplicattMl at oma* from 
this, l)Ut after a limited time the " masftu' ” would itegin to w(‘ar. 
So the negative “ master ' is again imnuastui an<l a st'eond 
copper shell called the '* mother " is gnovn on to it. d'his is a 
positive and of no use for j)re.ssing records ; henet* it is ])Ut back 
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into the plating bath and a third and final shell deposited. This 
is called the working matrix and these are taken from the 
“ mother ” as often as is necessary. The “ master is then filed 
and stored in a fireproof vault, and is only withdrawn when 
damage to a “ mother ’ shell necessitates the making of a new one. 
The " working matrix ” is now backed with a steel plate and the 
centre hole drilled and then sample records are pressed from it. 
These samples undergo various tests for wear, musical quality, etc., 
and if these prove satisfactory the record is put into production. 

Pressing the records. The material used for the records is a 
mixture of shellac, resin, copal and a number of other ingredients ; 
it becomes plastic when hot but is hard at normal temperature. 
The material is mixed in machines which reject automatically any 
gritty particles, and the refined material is passed through heated 
rollers which grade it to uniform thickness and mark the sheets 
into uniform sizes suitable for 10-inch and 12-inch records. When 
the sheet becomes cold and hardens, these pieces, known as 
“ biscuit ’ , are broken off. The biscuit is taken to the pressing 
room where the operator has already fixed two matrices in 
position to make a double-sided record. He puts the requisite 
label in the centre of each matrix, and from a heated slab by the 
press he takes one of the pieces of biscuit, rolls it into a ball and 
}>uts it on the centre of the lower matrix. The hinged plates 
bearing the matrices are then closed with a force of liearly 100 
tons. As the pressure is applied, steam is circulated behind the 
matrices and this is followed by water cooling. The press then is 
opened to reveal the familiar disc, which is removed and the 
sur[)lus material l)roken from the edges. All that now remains is 
to buff the edges and polish the disc. 


FILM RECORDING AND REPRODUCTION 

In 1927 discs of 16-inch diameter, recorded A\ith the “ lateral ” 
cut but revolving at a slow speed, were mechanically coupled to 
the drives of cinema projectors to produce the first commercially 
successful talking-motion pictures. Such a possibilitv had been 
foreshadowed in 1887 by Edison and his English collaborator, 
Dickson, who made photographs on a glass cylinder coated with 
a sensitive emulsion and synchronised with a cylinder sound 
record. Although technically the idea of coupling a record to a 
projector seemed quite satisfactory, there were practical diffi¬ 
culties : for example, it was difficult to retain the synchronisation 
if the film broke and a portion had to be cut out Hence work 
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was intensified on a method whereby the sound was recorded 
photographically and printed along the edge of the picture film. 

One of the early inventors of photographic film recording was 
W. D. B. Diiddell. His method was to convert sounds by means 
of a microphone into an electric current and to record the variable 
current using an oscillograph. The record was made on a moving 
film in such a way that the width of the part, exposed or not 
exposed, was determined by the deflection of the oscillograph, 
and from the original record others could be made. To reproduce 
the sound a photo-electric cell was used. This was the beginning 
of what is known as the variable area system. The most im* 
portant item in the equipment is the oseillograj)h vibrator, which 
consists of a loop of thin metal tape suspended vertically, under 
tension, between the poles of an electromagnet so that the 
magnetic field is parallel to the plane of the loop. The ends of the 
loop are connected to the amj)lifier and microplione, and a very 
small mirror is attached to the loop. A beam of light is directed 
on to the mirror and the reflection is focused on to a narrow slit 
in a screen fixed vertically in front of the travelling film. Tlie 
fluctuating phonic currents through the loop cause the mirror to 
turn in a vibratory manner, and this causes the beam of light to 
extend to varying distances across the slit and so across the film. 
The intensity of the sound is recorded by the magnitude of the 
changes in the ratio clear/opaque section across the sound track, 
while the pitch is indicated by the number of “ peaks ’ per unit 
length of the film. 

In another system f)f photographic recording, a narrow streak 
of light extends across the full width of the sound trark, and its 



Variable intensity recording Variable area recording 
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intensity is caused to vary by the phonic currents. This is done 
either (i) by making the currents control the brightness of the 
source of light, the “ glow-lamp method, or (ii) by making them 
regulate the amount of light admitted to the film by means of a 
light-valve 


In the first method, which is generally used with news-reel 
cameras, the fluctuating phonic currents are superimposed on a 
steady current wliich is causing a rarefied gas to glow in a quartz 
tube, and so the brightness of the glow responds exactly, both in 
intensity and frequency, to the fluctuating current. Thus there 
vill be a series of light and darker bands*on the sound track, the 
difference in shade being a measure of the intensity of the sound 
and the number of lines per unit length of the film a measure of 
the frequency ; for example, since the standard speed at which 
the film is moved past the slit is 18 in. per second a note of fre¬ 
quency 256 will produce 14-2 lines per in. 

In the second method, employed in talking-film studios, a 
steady beam of light is focused on to a narrow slit in a vertical 
screen, and immediately behind the slit is a loop of duralumin 
tape stretched over two bridges, the two arms being separated 
by a gap of about 0-002 in. This loop constitutes the light-valve, 
for the width of the gap determines the amount of light passing 
to the film. Another lens is adjusted to throw an image of the 
gap 0-001 in. wide on to the sound track of the film. The light- 
valve is put between the poles of an electromagnet so that the 
field is at right angles to the plane of the loop, and the ends of the 
loop are connected to the mierophone through the amplifier. 
W hen the current pa.ssing through the loop is increa.sed, the two 
arms of the loop move so that the gap is widened and vice versa. 
Hence the width of the gap is determined bv the phonic currents, 
and the number of vibrations of the light-valve per second will 
correspond to the various irecjuencies of the original sound wave. 

A continuous series of parallel lines of varying thickness and 
number per unit length will be photographed. This syste 

known as variable density recording, in contrast to the variable 
area system. 


One side only of the sound wave is photographed on the sound 
track, as shown in the diagram. In the projection machine the 
variations in light transmitted through the sound track produce 
corresponding variations of current in a photoelectric cell. This 
current is amplified and delivered to a loud-speaker behind the 
screen. Either t\'pe of sound motion-picture film may thus be 
run in the same projection machine. 
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Both systems have their particular difficulties. Variable-area 
records require more exactness in exposure and development in 
order to preserve a clear and true outline of the wave, while 
variable-density records are subject to a wave-shape distortion 
Avhich becomes appreciable at very high frequencies. The most 
recent advances in both systems are concerned witli removing 
certain causes of noise and distortion, particularly those which 
arise because the film does not move past the photoelectric cell 
with a perfectly uniform motion, and methods devised for this 
purpose have reduced the defect to an almost negligible quantity. 
It may be that in future sound-motion pictures the sound may be 
given a spatial effect so that the audience may hear the sound or 
speech coming from the place where it is produced, either to the 
left or right, or at the front or back of the stage ; this advance 
would certainly produce greater realism. 

MAGNETIC TAPE RECORDING AND REPRODUCTION 

Recording in a magnetisable object began with the invention 
of the telegraphone by Poulsen in Copenhagen in 1899, when he 
found that he could record sound by causinti a vibrating dia- 
phragm to induce varying magnetic effects in a moving steel 
tape. In one form of his apparatus, he used steel tape which 
pressed against the poles of an electromagnet as it moved from 
one rotating drum to another, while in another type he used a 
steel wire. He further experimented with a sheet of material 
such as paper covered with a magnetisable magnetic powder, 
and also with a disc of magnetisable material over which the 
electromagnet might be conducted spirally. Also, anticipating 
future developments, he explained that the recording could be 
“ wiped off *’ the magnetisable object by pa.ssing a steady current 
through the electromagnet, so that the same tape, wire or disc 
could be used over and over again almost indefinitely. The pro¬ 
cess of recording the sound is reversed for reproducing it. 

In 1918, in America, Fuller used a high-frecjuency current 
instead of a steady current as the eraser, and in 1921, Carlson 
and Carpenter, also in America, used a high-fre(juency current 
together with the recording impulses to set the molecules of the 
magnetisable material vibrating and so make it more easily 
influenced by the j)honic currents. 

Development in this form of recording was ratlicr slow until 
the Second World War, although the British l^roadcasting Cor¬ 
poration used apparatus of this type some years before the War, 
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Comprising steel tape, wound on steel drums of 2 ft. diameter, 
weighing 11-12 lb. and able to run for 30 minutes. During the 
War, machines of very small size and weight, using wire instead 
of taj)e, were produced in America for recording in aircraft; one 
tviJe of machine used wire of only 0-004 in. in diameter and was 
capable of running for 33 or 66 minutes, depending on the speed. 
Since the War, the same principles have been applied as an 
auxiliary fitting on a radiogram, and for long-playing records of 
music. There is no doubt that recent develojunent with modern 
technicpie based on Poulsen's ideas have produced methods and 
ajiparatus in this field of recording which compare well with the 
photoirraphic film and the gramophone disc, and which are of 
particular use for radio broadcasting, public address recording 
and background music for films. 



In the l-’.MJ. magnetic tajie recorder illustrated aliove. which 
wasdesiunefl and made in KiiLdand for use in broadcasting stations 
and film studios, the tape consists of a base of cellulose acetate 
two-tliousandths of an inch thick and j in. wide coated on one 
side with tinely divided ferric oxide in a particular piivsieal form, 
d'he spool of tape weigiis one jxnmd. has a diameter of lU in. 
when wound up, and plays for twenty minutes. Tlie tajie jiasses 
over three magnetic heads. The tirst Ijead erases the recording 
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if and when desired and prepares the tape for fresh use. When in 
action this “ wiping ” head is energised by a current of 100 kilo¬ 
cycles per second. The recording head carries the phonic currents 
and a magnetic conditioning current at a frequency of 100 kc. per 
second, while the third head is for reproducing, and into it phonic 
currents are induced by the magnetised tape during repla^dng. 

The recording and reproducing characteristics of this equip¬ 
ment are well adapted for faithful reproduction of musical sounds 
within range of the average musical ear, covering a frequency from 
30 to 10,000 cycles per second. 

It has been found that the above type of tape becomes brittle 
with age and tends to break when the machines are started. 
This difficulty has been overcome by the introduction of a homo¬ 
geneous tape composed of polyvinyl chloride and magnetite 
(ferric oxide), the tape being heat-treated and stretched after 
rolling. A still later type, which gives greater mechanical 



By courtesy of E.M.l. Factories Ltd. 
Scheme for magnetic recording and reproduction. 
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strength, consists of a base layer of polyvinyl chloride coated 
with a mixture of the chloride and magnetite. 

Having dealt with the various methods of sound recording and 
reproduction, it is only necessary to say that much research and 
development are proceeding in order to secure new advances. It 
may be that in the future gramophones of a new type will be 
designed which can play either disc or tape (or wire). At present 

easily mass- 

especially for popular selections and musical subjects w 
a duration of a few minutes and can be selected as desired. On 
the other hand, tape (or wire) records are useful when it is desired 
to reproduce a long musical item, say, an opera, without having to 
change the record. 


the disc has the advantages of being 


produced, 
hich have 



CHAPTER XII 


SOUND SIGNALLING, DIRECTION FINDING 

AND RANGING 

In this chapter, consideration ^vill be given to applications of the 
principles of the transmission of sound in both air and water. So 
far as air is concerned, it must be said at once tliat the methods 
used for signalling, direction finding and ranging prior to the 
radar era have been largely superseded by tliis short-wave 
electrical method, which is of course outside the scope of a book 
on acoustics. But a brief reference should be made here to the 
older acoustic methods if only to show how man, confronted with 
a problem, sets himself to solve it with the knowledge and 
technique available to him at the time. 

AIR AS THE MEDIUM 

The problem of sound ranging and direction finding in air is the 
detection by an observer of the true direction and range of the 
sound from an unseen source such as an aeroplane or a gun, and 
clearly in any experimental method used corrections will have to 
be applied to allow for variations in the velocity of sound and for 
effects due to refraction, etc., bearing in mind that the air must 
be regarded as a stratified medium. 

Detection of ground objects. The method of locating the 
position of an unseen source such as a gun was developed for use 
in the First World War and is a very good example of direction 
finding by measuring time intervals. In principle, the method 
consisted of arranging a set of microphones along a front opposite 
the concealed gun to receive the sound, and these were connected 
with a central base in the rear. Each microphone would pick up 
the sound at a time depending on its distance from the source, 
and by measuring the time intervals between the sounds recorded 
at the base the position of the source could be located. It should 
be noted that man’s ears were replaced by micro])honcs, and if the 
base along which the microphones were set is long, the time inter¬ 
vals would be long and more easily measurable. 
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250 


ACOUSTICS 


The use of two microphones would of course give a direction 
only, but three would give two directions and an intersection, 
and therefore a location ; hence three microphones are the mini¬ 
mum for the purpose. In practice, six instruments were actually 
used to give five directions, and a mean location was obtained, 
thus improving accuracy. The microphones employed were of 
the Tucker hot-wire t}^e (see p. 23) mounted in front of a 
resonator suitable for responding to the low frequency of the 
particular sound of the gun (the onde-de-boucke). The wire of the 
microphone was connected into one of the arms of a Wheatstone 
bridge which was balanced in the usual way. When the sound 

reached the microphone 
the wire was cooled by the 
moving air and the bridge 
became unbalanced, the 
lack of balance being re¬ 
corded electrically at the 
base. If F is the velocity 
of sound under the pre¬ 
vailing conditions and tf,, the times for the signals to reach 
the stations *4, B and C, ^ve have 
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Now the locus of a point the difference of whose distances from 
two fixed points is constant is a hyperbola %vith the two fixed 
points as foci. Hence S must lie on the hyperbola with A and B 
as foci and also on that with B and C as foci; therefore, it must 
lie on the intersection of the tw'o hj'perbolae, W'hich fixes its 
position. These hyperbolae were constructed by a specially 
devised curve tracer and the position found. 

In a later method the cables from the microphones were con¬ 
nected to a “ string ” galvanometer ; this consisted of six wires, 
one for each microphone, stretched at right angles to a strong 
magnetic field. When the sound reached one microphone an 
extra surge of current passed through that particular circuit and 
the wire of the galvanometer was caused to vibrate momentarily. 
Shadows of the vires produced by a fine slit and a lamp and 
system of lenses were thrown on to a moving photographic film 
which was automatically developed and fixed, thus saving time. 
Time intervals were marked on the film by vertical lines, and by 
noting the positions of the “ kicks ” in the otherwise straight 
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wires the intervals between could be measured. From these and 
the velocity of sound the position of the gun could be fixed. 

Detection of aerial objects. The sound from an aircraft in flight 
is extremely complex, consisting of elements of high frequency 
and low frequency and of musical and non-musical sounds, and it 
certainly provides ample scope for acoustic investigations. 

Most of the sound locators that have been devised are based on 
binaural effects, which were mentioned in Chapter I and which 
will be briefly considered again here. It is well known that the 
ears can localise the direction of a source of sound to a fairly 
large extent. If a source is on the right of a plane bisecting and 
normal to the line joining the ears, the listener recognises tliat the 
sound is on his right. The ears owe their directive capacity to the 
fact that they are separated, and the distance between them is a 
determining factor. If a sound is directly in front of the listener, 
the energy arrives at the two ears simultaneously ; but if it is to 
one side, one ear receives the sound a very short time earlier than 
the other, the measure of the time being determined by the angle 
that the direction of the sound makes with the line at right angles 
to that joining the ears. 

It should be noted that there are (wo principles to be considered 
when dealing with binaural effects, namely the ititen.siti/ effect 
and the phase effect. It certainly seems reasonable to suj)pose 
that the source of sound is on that side where there is a greater 
intensity at the ear, and this explanation was the one accepted 
for many years. However, if there is a path-difference, in the 
sound arriving at each ear, there will also be a phase-difference ; 
and the difference in phase at the two ears has been shown to be 
the more effective in localising the origin of the sound, although 
there is an effect caused bv an intensitv diflereiice at the ears, the 
phase being ke})t the same. J)r. G. W. Stewart, of the University 
of Iowa, studied both effects quantitatively and came to the 
conclusion that the intensitv effect cannot explain the a(>ilitv to 

* • V 

locate sound under all conditions, while the })hase effect can, at 
any rate, up to frequencies of the order of 1500 c.p.s. Lord Ibty- 
leigh held a similar opinion (see Chapter 1). 

The lirst British sound locator used the ])rinci])le of widening 
the effective distance between the ears and em])loying horns to 
collect the sound and magnify it. Four horns were used, two in a 
horizontal j)lane and two in a vertical plane, the first pair 
taking the place of hypothetical ears, and the whole assembly 
was rotatefl until the sound was loiulest, that is, when the mouths 
of the horns faced the direction of the sound. In one type of 



252 


ACOUSTICS 


locator, an American type, the horns were exponential, which 
gave very impressive magnification but which were extremely 
resonant, while in a later British type parabaloid reflectors were 
used to collect the sound, these locators being highly directional, 
free from resonance and fairly efficient in noisy conditions. In all 
these t 3 "pes of instruments the human ear was the ultimate 
criterion, and for later types microphones were produced for all¬ 
round listening which could be matched as accurately as man’s 
ears are matched. 

Difficulties arose here, for the sensitivity of the microphones 
themselves was inadequate and amplifiers had to be used, and 
these had to be matched or they would of course introduce time 
errors. Then again, the power of picking out the wanted from 
the unwanted sounds, used automatically by the ear, was lacking, 
and electric filters were used to cut out the undesired sounds. 
It was eventually recognised that the cathode ray oscillograph 
probabh’ offered the best alternative to the ear. The pattern 
given by this instrument is a straight line only when all the 
constituents of the sound are in phase, namely when the micro¬ 
phones are equidistant from the source. 

Apart from the difficulties so far enumerated in this acoustic 
method of direction finding, variable atmospheric conditions 
have to be allowed for. Both wind and temperature may affect 
the direction of listening due to their effect on the velocity of 
sound and also to refraction (see p. 74). For example, if the 
velocity of the wind increases with height in the direction of 
listening, the sound energy comes down more steeply, but if 
opposite to the direction of listening it comes in at a smaller 
angle, while gusty w'inds make direction finding very difficult 
since the time difference becomes variable. So far as tempera¬ 
ture is concerned, it generally happens that in daytime an air¬ 
craft would be heard at a lower angle of elevation than it actually 
is, but at night-time when the air temperature is generally higher 
than that of the ground the reverse effect frequently occurs- 
When the aircraft is directly overhead the errors involved become 
negligible. The small velocit^^ of sound relative to that of light is 
responsible for another error which may be called the lag of sound, 
and it can be defined as the angle between the line of sight and 
the direction of listening. Correction for this can be applied with 
considerable precision if the air speed of the machine and the line 
of travel are known. 

The above brief discussion of direction finding by acoustic 
methods of an aircraft in flight applies mainly to the detection of 
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perhaps a single machine, and the problem would become much 
more complicated when it is desired to detect a number of machines. 
This problem becomes of course more acute in war-time, when 
both speed of detection and accuracy concerning number of air¬ 
craft, height and speed are of great importance. It will be seen 
that acoustic methods do not compare in these respects \Wth the 
modern method using radar. 

WATER AS THE MEDIUM 

Several methods might suggest themselves for use in signalling 
work in water, namely, optical, electrical and acoustic, but of 
these the last method is the only effectively practical one at 
present. Optical methods can be dismissed when it is realised 
that water is highly opaque to infra-red and ultra-violet radia¬ 
tions and not particularly transparent even for visible light ; for 
example, it has been estimated that the visibility distance for 
light in the Mediterranean is of the order of 60 metre.s, while in 
the English Channel the distance is only about one-tenth as much. 
So far as electrical methods are concerned, since sea water is a 
good conductor of electricity, electromagnetic waves are rapidly 
absorbed on passing through it; hence the possibility of using 
an electrical method in this medium is greatly diminished. 
Against these two methods the acoustic method has a big ad¬ 
vantage, since, as has been seen in earlier chapters, the sea is a 
relatively good medium for the propagation of sound waves. 

Sound ranging, based on an accurate knowledge of the velocity 
of sound in sea water, has also been used to enable a ship to locate 
its position in cloudy or foggy weather. The ship emits simul¬ 
taneously two signals, one a sound signal from perhaps a depth 
charge and the other a wireless signal, and these are ])icked uj) by 
two land stations at an accurately kno^vn distance apart. If '1\ 
is the time interval between the reception of the two signals at 
one land station, we have 7’i =Z),/y-Dj/T, where Z)j is the dis¬ 
tance of the ship from the station and v and V are the velocities 
of sound waves (in the water) and of wirele.ss waves respectively. 
Now, V is so great compared \vith v that D^j V can be disregarded ; 
hence = 7\i>, which shows that the position of the .shij) is on a 
circle of radius and centre at the station. Similarly, the 
position will lie on a circle of radius equal to the distance (Dg) 
of the ship from the second station, and we have D.y = 'l\v, where 
Tg is the ai)propriate time interval. Hence by draw ing two circles 
the position of the ship can be determined. The two land stations 
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send their calculated distances by wireless to the ship, which 
can then obtain its position. 

The ways in which sound energy behaves in its transmission 
through water, and what happens when the energy passes from 
one medium to another have already been dealt with, and the 
rest of this chapter will be devoted to considering how acoustic 
methods are used in practice for subaqueous signalling, echo¬ 
sounding, etc. Such methods, which are based on the reflection 
of sound and the production of an echo, are applicable both in 
times of war and peace : but before dealing ivith these two aspects 
it would be as well to consider how the two types of sound energy, 
low-frequency and high-frequency, can be employed for the pur¬ 
pose. 


LOW-FREQUENCY OSCILLATORS AND RECEIVERS 

When this t}q)e of energy is used, the frequencies involved are 
those witliin the range of audibility, and of course a suitable 
transmitter and receiver are required. 

Transmitter. Several types of instruments have been devised 
for generating sound under water. One of the early types was 
the submarine siren, a purely mechanical device built on the 
same principle as the ordinary air siren, but with jets of water 
passing through holes in a vibrating plate or .series of plates. This 
has now been superseded by the electromagnetic sound generator, 
although in the Second World War a more or less mechanical 
instrument was used to combat the acoustic mine (see p. 269). 

The electromagnetic type of generator may be of two kinds, 
one using an electromagnet and a diaphragm as in the telephone 
receiver, and the other a moving coil to wliich the diaphragm is 
attached. In the first, alternating current is supplied to the coils 
of a large electromagnet arranged to attract a heavy diaphragm 
clamped along its periphery ; the diaphragm is thus caused to 
vibrate with the frequency of the supply. In the second, the 
alternating current is supplied to a coil surrounded by a magnetic 
field and directly connected to the diaphragm, and a modification 
of this, knoAvn as the Fessenden oscillator, is one of the most 
satisfactory of low-frequency generators. 

In this, an electromagnet is energised by passing direct current 
through the coils, and the pole pieces are rigidly connected to a 
thick steel diaphragm. In the gap between the poles there is an 
iron core surrounded by a coil wound in one direction round one 
half of the length of the core and in the reverse direction round 
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the other half; alternating current of the desired frequency is 
supplied to this coil. Between this coil and the pole pieces is a 
copper cylinder fastened at each end to discs which are secured 
to a shaft in the middle along the axis of the cylinder ; the front 
disc is rigidly attached to the diaphragm. The alternating current 
passing through the central coil sets up eddy currents in tlie 
copper cylinder which cut the lines of force of the magnet and 
are opposite in direction over the two halves of the cylinder. 
Hence, during one alternation of the current the cylinder is 
pushed forward and during the following alternation it is pushed 
backwards, and the movements are communicated to the dia¬ 
phragm Mhich is caused to vibrate with the same freouency as 
the current. 

Detectors. Low-frequency detectors are divided into two 
classes • the purely acoustic type and the acoustic*elcctric v*ariet\\ 
The earliest type of acoustic receiver was the so-called Broca tube, 
which is a pressure detector and consists of a sphere of rubber or 
sheet metal attached to the end of a listening tube. When a 
sound-wave is incident on the outside of the sphere, variations in 
pressure and volume of the air in the chamber are caused, which 
are communicated to the air in the tube ; it is assumed that the 
air in the chamber acts like an incompressible fluid. 

The theory of this type of receiver has been wwked out by 
H. A. Wilson, and it has been found that with such a detector 
there is a resonance frequency for which the powder transmission 
is a maximum, and also there is an optimum cross-sectional area 
of the tube, hurthet*, for a fixed value of the cross-sectional area 
of the tube, the pow'er transmission fails off as the frequency 
increases, while the intensity, other things being equal, varies 
inversely with the volume of the receiving chamber. These con¬ 
clusions have been confirmed (jualitatively by extensive experi¬ 
ments. ‘ ^ 


Of acoustic-electric sound receiving devices, the hydrophone 
has so far proved the best for sub-aqucoiis reception. One 
requisite of this instrument for work under water particularly is 
that its sensitivity should remain constant. This, how'ever, is not 
possible with the ordinary carbon granule microphone, which is a 
pressure tvqie of detector, for the slightest change in the static 
pressure due ])erhaps to a change of depth or to currents will uer- 
tainly alter the sensitivity. The button type of instrument 
described in Chapter IX, and which is a displacement detector 
is the type most suitable. Even with this it is found tliat the 
maximum sensitivity is not attained immediately after closin 
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the circuit. A possible explanation of this is that the air in the 
instrument has first to come to some kind of equilibrium during 
the process of expansion of the air; but this difficulty can, how¬ 
ever, be largely overcome. 

The construction of the hydrophone is well known and a brief 
description was given in Chapter IX. If several microphones are 
used together, they must of course be matched for phase. Hydro¬ 
phones are sometimes used outside the hiill of a vessel, and some¬ 
times just inside the hull in a tank of water ; they are not used in 
air inside the hull on account of the loss of energy involved. 

Most microphone diaphragms have definite resonance fre¬ 
quencies, but it is of interest to note that in 1921 L. V. King 
developed a receiver vith a resonating frequency alterable over a 
considerable range ; briefly, the method was to alter the air 
pressure in the microphone chamber and so alter the tension on 
the diapliragm. 

Multiple receiver systems. Quite early in the study of acoustic 
receivers, it was recognised that if several receivers were used 
with their individual tubes leading into a common tube, more 
sound might be collected ; and a great variety of multiple 
acoustic receivers have been made. Although the purely 
acoustic receivers are now almost entirely superseded, it is worth 
while considering one type. In this, two receivers, A and are 
joined by a tube of air tapped by another tube at a point (7, 
and the sound led to the ears. If the sound approaches from the 
left, the receiver A will be excited first and the disturbance will 
travel down the tube towards C. At the same time the sound will 
travel direct through the water from A to B ; thus B will be 
excited and the resulting disturbance will go through C to the 
ears. If two disturbances reaching C are in the same phase, the 
sound will be of maximum intensity, and if this is desired, C must 
be in such a position to provide for phase agreement. Let the 
distance AC = x d.nd AB = y. Then for the two sounds to arrive 


in the same phase, we have : 



X y y-x 

K K K ’ 

where and are the 
wave-lengths in air and 
water respectively. 

Hence 
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where and are the velocity of sound in the air and water, 
and the position of C is fixed. 

HIGH-FREQUENCY OSCILLATORS AND DETECTORS 

The two effects utilised for high-frequency work are the piezo¬ 
electric and the magnetostriction effects which were mentioned 
in Chapter I. In both cases the emitted waves of a frequency 
varying between 15,000 and 60,000 c.p.s., thus coming into the 
category of ultrasonic frequencies, are of a comparatively sus¬ 
tained and regular nature, and their use for sound signalling is 
based on the effect of resonance. The period during which the 
waves are emitted must be short enough to ensure that the trans¬ 
mission has died away entirely before the echo returns. 

The methods involving high frequency have certain advantages 
over the low-frequency methods and in modern practice they are 
generally used. In the first place, high frequencies avoid inter¬ 
ference by audible frequencies, for example, noises produced by 
the propeller and those caused by the movement of the ship in 
the water, and it is also found that with a vibrating diaphragm 
there is a greater efficiency of radiation at high frequencies. 
Finally, with high frequencies it is possible to obtain a compara¬ 
tively narrow beam for the transmission of the energy. Tliis is 
important, for clearly it is wasteful to distribute the emitted 
radiation over a wide area when only a fraction of the energy is 
likely to return to the receiver. The directivity of the beam de¬ 
pends on the ratio 

diameter of emitter 
A of emitted radiation ’ 

hence A mu.st be short if the transmitter is to be of reasonably 
small dimensions. The magnetostriction oscillators usually give 
wider cones of energy than the piezo-electric type, probably on 
account of their smaller dimensions. Both effects are reversil)ie, 
hence, in either case, the transmitter can be used reversibly as tlie 
receiver. This is the usual procedure (but not always- see 
detection of flaws, p. 64) in the piezo-electric apparatu.'^, hut a 
separate receiver is used in the case of the magnetostrictive equip¬ 
ment. 

Piezo-electric oscillator. The earliest kind of oscillator of this 
type was made of mica, but nowadays quartz is generally used. 
A typical form of such an oscillator consists of a thin layer of 
pieces of quartz fitted together with a special cement, and on 
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either side of this mosaic is a thin steel disc, to each of which the 
quartz layer is fastened with the same cement. The thickness of 
the whole sandwich ” is half a wave-length at the resonant 
frequency of the sandwich, which, of course, is different from that 
of the quartz alone. The sandvich is excited by means of a 
quenched spark or other oscillator tuned to the resonant fre¬ 
quency, and the diagram gives an indication of the method used. 
The receiver-amplifier unit is cut out while signals are being sent, 
but it can be inserted in the circuit when the quartz oscillator is 
used for reception. 

When the piezo-electric projector is used for echo-sounding, it is 
preferable to have the outer plate of the sand^vich in contact with 
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the water. Hence to fit a ship with such a projector necessitates 
dry-docking her and cutting a hole in her skin. The projector can 
be worked through the hull plating, but considerably more power 
is required. 

The transmitted signals may be received and recorded in several 
ways. In the early days the frequency of the transmission was 
modulated by a beat method so as to render the incoming signals 
audible : but generally nowadays the indicator gives a visible 
record by either an oscillograph method or by electrolytic means. 
In the former svstem, as used for echo-soundintj, a beam of light 
is rertected, first from an “ oscillograph mirror, and then from a 
“ swinging mirror which rotates at a uniform speed proportional 
to the velocity of sound in the water. The beam of light is 
reflected on to a scale, and if the oscillograph mirror is still, the 
light spot moves uniformly across the scale. When the echo 
returns, the electrical impulse is amplified, and by means of an 
electromagnet causes the oscillograph mirror to tilt upwards. 
Thus a peak is formed in the line of light on the scale ; in prac¬ 
tice, two peaks will occur, one corresponding to the transmission 
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and one to the echo, if the receiver-amplifier unit is not cut out 
during transmission. 

In the case of the electrolytic recorder, the light spot is replaced 
by a swingmg arm carrymg a stylus, the arm travelling across the 
recording paper with a speed proportional to the velocity of sound 
in the water. The paper is impregnated with starch and iodine 
and moves at constant speed over metal rollers. When sit^nals 
are received, a small current from the amplifiers is caused to'^flow 
between the stylus and the rollers via the sensitised paper, and a 
brown mark is made on the paper. If the apparatus is being used 
to ascertain depths of sea water and the sea bed is level a series 
of marks m a straight line is made on the paper, but if the depth 
varies, corresponding variations appear in the line. 

Magnetostriction oscillators. These oscillators are of tw'o 
forms: in one, a nickel cylinder or tube is caused to vibrate 
longitudinally by means of alternating currents of frequency equal 
to the fundamental frequency of longitudinal vibration of the 
tube ; in the other, a nickel ring or annulus is employed When 
used for under-w'ater work, the efficiency of both forms is con¬ 
siderably improved by having a nearly closed magnetic circuit 
and steps are taken to achieve this object. 

In the first t^qie, the nickel cylinder is supported at its centre 
and small air gaps are left between the nickel and the non- 
magnetostrictiye, but highly permeable, material wffiich closes 
the magnetic circuit. A high-tension machine charges a bank of 
condensers wdiich are then discharged through a solenoid sur¬ 
rounding the nickel. The nickel cylinder is thus set into vibra¬ 
tion and produces a high-frequency sound pulse of short dura- 

1 this projector is mounted in a steel tank w'hicli 

IS filled w'ith water after being pressed down by jacks on a rubber 
pad in contact w'ith the hull plating of the vessel ; less power is 
required, of course, if a hole is cut in the hull and the end of the 
nickel core mounted in direct contact with the surroundincr water 
To prevent the emitted wave spreading through too wide an angle 
two conical reflectors are fitted round the projector. ’ 

For the recei)tion of the echo a similar oscillator is used The 
nickel core is magnetised by direct current, and the state of strain 
set up in the nickel by the echo slightly changes the magnetic 
flux through it and sets up a small potential in the winding 
surrounding it. Thus a small current, alternating in a manner 
corresponding to the vibrations received, is produced and this is 
amplified to operate a recording machine. 

In the second type, made by Messrs. Henry Hughes and Son 
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Ltd., a completely closed magnetic circuit is obtained by using a 
nickel ring ; this system Wl be dealt with in greater detail in the 
next section. 


PEACE-TIME APPLICATIONS 

The uses to which acoustic energy can be put in peace-time so 
far as signalling, etc,, are concerned, are based on the technique 
of echo-sounding, the principles of which have already been 
dealt with. In the early days of echo-sounding, the method 
involved the use of audible frequencies, as employed in the 
fathometer designed by the Submarine Signal Company Ltd. 
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But in view of the advantages of high-frequency transmission 
over low-frequency given on p. 257 the ultrasonic system is 
generally used nowadays. 

An early method of depth-finding for depths up to about lOQ 
fathoms by using low-frequency sounds consisted in using the 
ordinary aural method to get a bearing on the reflected sound 
and then to calculate the depth. Let F in the diagram represent 
the position of the propeller, which is the source of sound, and 
R the receiver, and let the water line, represented b}^ WL, be at a 
distance a from PR. The path of the sound is PBRj where B is 
on the sea-bed. If ^ is the bearing of the reflected sound at i?, we 
have d = PR 12 . tan and the full depth of B is therefore 

a -\-PRj2 . tan S. 

The student might enquire whether the sound taking the path • 
PAR, being reflected at the surface of the water, will affect the 
result. It has been seen earlier, however, that when sound is 
reflected at a water-air surface when it is travelling through water 
there is a change in phase. Hence the reflected sound taking the 
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path PAR will interfere destructively with the sound travelling 
direct along the path PR, and the bearing at R will be on the 
sound reflected at the bottom only. 

For deeper soundings the above method is not very accurate 
and for this purpose the United States Navy has developed another 
method which is capable of a high degree of accuracy. The 
principle is as follows, AB is a uniformly rotating disc with a 
rather rough upper surface, and CD is a smaller vertical wheel 
which is caused to rotate by the friction between its edge and the 
surface of AB. The velocity of rotation of CD depends on its 
distance from the centre of AB, and this can be varied by means 
of a screw attachment on the shaft of CD. At each rotation of 
CD a sharp sound is emitted by a Fessenden oscillator, and this is 
heard direct by the listener since one earpiece of a set of head 
phones is connected to the oscillator. The other earpiece is con¬ 
nected to the receiver, which picks up the signal reflected from 
the bottom. Now, if CD rotates a 

whole number of times while the C 

sound from a given signal travels to 
the bottom and back, it is clear that 
both sounds will reach the ears simul¬ 
taneously. Suppose this happens 
when the time between the outgoing 
signals is t. If T is the time of 
rotation of AB, we have t = T . rjR, 
where r is the radius of CD and R is 

the distance of CD from the centre of AB. If the required depth 

is I, then = kVtP jR, where V is the velocity of sound in the water 

and k is some integer. To eliminate k another sounding is obtained 

by reducing R until coincidence is again established. We then 
have 



whence 

and 


2 /- 


(k-\)VrT 




k = 
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R-R^ 

VrT 

2{R-Ra‘ 


Before dealing with the specific applications of echo-sounding, 
it might be useful to consider a typical high-frequency installatioii 
to show the general layout and indicate the method. Mechanical 
layouts vary considerably with the different types of recorder 
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and the diagram indicates the schematic arrangement of the 
installation evolved and made by Messrs. Henry Hughes and 
Son Ltd. As will be seen from the diagram, the units in the in¬ 
stallation are the recorder, the oscillators, the contactor box 
and the amplifier. 

Recorder. Through the gear train B the motor A drives the 
switch cam C, to which is rigidly attached the stylus arm D. As 
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High •frequency sounding equipment. 
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the stylus arm revolves, the point is made to pass over the sur- 
tace of the recording paper. Once each revolution, the switch 
cam, by operating the transmitting contacts G, causes a pulse of 
sound to be sent out from the transmitter in the bottom of the 
ship. At the same instant the stylus passes the zero of the scale 
and immediately afterwards marks the paper at a point pro¬ 
portional to the time mterval between transmission ancl reception 
ot the echo. This bemg du-ectly porportional to the depth, the 
sc^e may be graduated in fathoms or any other depth unit. 

Ihe recording paper is chemically treated so that a current 
passing through the paper from the stylus point to the metal 
tenk front ^ causes a bro^vn mark on it. The returning echo is 
suitably amplified to supply a short pulse of current to the moving 
stylus at the moment of its arrival. On going into deeper water 
the stylus moves farther across the pajier before the echo is 
received, and the recorded line moves a correspondinj? distance 
across the paper. If the paper is made to move a short distance 
at right angles to the movement of the stylus for each passage of 
the stylus, the successive echoes will form a contour of the sea bed. 

or calibrating the scale, the velocity of sound in sea water may 
be taken as 800 fathoms per second, so tliat it recniires 1 sec to go 
and return in a depth of 400 fathoms. Hence, if the scale is 

divisions, and tlie stylus moves through these 
400 divisions in 1 sec., then for every fathom of dejith the stylus 
^11 move through one division. If the switch cam is adjusted so 
that the transmission occurs at the instant the stylus passes the 
zero division, then an echo from a 100-fathom depth will return 
as the stylus passes the 100th division. Such a scale inay be 
marked directly in fathoms. Recorders possessing rlifferent 
scales may be produced by simply varying the rate of travel of 
the stylus. It is clear that for any given recorder it is essential to 
keep the speed constant at the rated value, and for thi.s purpose 
an automatic centrifugal governor F is fitted. The function of 
this governor is based on the fact that variations in the field 
strength of the motor will affect its speed ; within certain limits a 
reduction of current will increase the speed, and an increase in 
current will bring about a reduction in s]>eed. 

The stylus, which can be (piicklv detached from the arm is a 
piece of steel wire with the ends bent over at right angles, the one 
marking contact M ith the paper being fij)ped with irTdiuni. The 
other end passes over ramps which serve to lower the st\ lus point 
gently on to the paper at the start of the traver.se and to lift it off 
again just before it reaches the edge, so that the stvlus does not 
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make contact with the metal surface of the tank. The recording 
paper is treated with the necessary electrochemical material and 
is moist, being packed in air-tight tins. 

Oscillators. Both the transmitter and the receiver are of the 
magneto-striction type, and consist of a pile of thin nickel rings 
with a winding in toroidal form. In the transmitter the oscillatory 
discharge (see contactor box) sets up an oscillatory magnetic 
field in the nickel stampings, and this causes the mean diameter 
of the stampings to undergo periodic changes and so vibrate 



By courtfiy of Meisrt. Emry Bughet c& Son Ltd. 

High-frequency transmitter in tank. 

radially. The frequency of the discharge is adjusted so that the 
pile resonates at its fundamental mechanical frequency. The 
radial vibrations are transmitted to the water in the tank en¬ 
closure in a horizontal direction and are reflected downwards 
through the bottom of the ship by a conical reflector. The reflec¬ 
tor concentrates the sound energy into a conical beam of about 
40°, w’hich is considered wde enough to prevent the loss of echo 
through rolling, and narrow enough to give an appreciable con¬ 
centration of energy. 

The process which occurs in transmission is reversible, so that 
when the sound energy sets the receiver in vibration the magnet¬ 
isation of the nickel is altered periodically and sets up an oscilla¬ 
tory electric current in the windings. This current requires 
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amplification in order to operate the recorder, and in most respects 
the amplifier used is similar to the standard wireless instrument. 

Where yexy low temperatures are likely to be encountered, the 
tanks housing the oscillators may be filled with a mixture of four 
parts of fresh water and one part glycerine ; this mixture does not 
freeze until approximately - 4° C. 

ConU^tor box. With this arrangement, the transmitting con¬ 
denser is charged by the inductive surge from an iron-cored choke 
coil, the underlying principle being the well-kno™ one that with 
a circuit as shown in diagram (a) breaking of the circuit by the 



switch brings about an oscillatory exchange of energy between 
the inductance and the condenser. By a suitable proportioning 
of the capacitance, inductance and resistance of the circuit, the 
condenser may be made to attain voltages very much higher than 
the mains voltage, as is shown in diagram (6). Here the line AB 
represents conditions "with the switch closed, current flowing 
through the inductance, and the condenser being charged to the 
mains voltage. At B the circuit breaks and from B to (' the 
condenser discharges through the inductance. From C to I) the 
inductance transfers the energy of its magnetic field to the con¬ 
denser, voltage being a maximum at D. If not interfered with, 
this cycle would be repeated until the resistance of the circuit 
absorbed all the energy. For echo-sounding purjKjses the interval 
CD represents a time of about one-hundredth of a second. 

If matters are arranged so that the contactor closes at /> and 
discharges the condenser through the transmitter, practically all 
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the energy will be transferred to the transmitter. The setting of 
the timing of the contactor is the only critical feature of the 
arrangement, and is the only part likely to require adjustment. 

APPLICATIONS OF ECHO-SOUNDING 

Hydrographic surveying. On account of their portability and 
compactness, magnetostriction oscillators are particularly useful 
for water surveying as they enable very shallow soundings to be 
taken, and at the same time have sufficient power to penetrate 
soft strata and indicate hard rocks lying underneath. Much 
information, quantitative as well as quahtative, is required in the 
modern survey "work of docks and harbours concerning the volume 
of siltage and also dredging quantities, and this information 
must be obtained rapidly, continuously and with the greatest 
accuracy. The ultrasonic equipment used for the purpose takes 
and plots on a graph as many as 300 soundings per minute, 
enabling an extremely accurate exploration of any particular 
profile to be made. A tjq)ical record is shown in Plate 7, facing 
p. 278. By sounding along parallel lines spaced reasonably close 
together and crossing these obliquely from time to time, it is 
possible to obtain what is in effect a relief map of the bottom, 
accurate to a few inches. Furthermore, from the record obtained, 
it is also possible to interpret the nature of the bottom, the 
presence of hard rock, or rock on sand, or rock under mud, being 
clearly shown. Wrecks and other submerged obstructions are 
of course automaticallv located. 

In the summer of 1937, a survey was made of Lake Winder- 
mere by echo-sounder. The object was to determine the original 
conformation resulting from glacial erosion of the bed of the lake, 
and how it has been modified by silt from the various streams 
which run into it and by deposits from animals and plants in the 
lake itself. The survey is being repeated at intervals to analyse 
the changes which take place in the bed. The record obtained 
showed the depth of water and the depth of mud, and in some 
places a triple echo was received from mud, glacial clay and rock. 
For this type of survey work the recorder has a basic scale of 
0^0 ft., but this scale can be extended up to 480 ft. 

It is often desirable to put the oscillators outside the hull of the 
boat, either for portability or when soundings are required in 
awkward or inaccessible situations. Also, when working in motor- 
boats with inboard oscillators, after reaching a certain speed 
there is often a tendency for the soundings to be blanketed by 
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“ aeration **, that is, the formation of air bubbles in the path of 
the sound wav^. In such cases it has been foimd that outboard 
oscillators eliminate this effect and allow much higher speeds to 
be reached. 

The outboard fish ” consists of a matched pair of oscillators, 
mounted in reflectors and housed in a D-section stream-lined 
form divided into five compartments. The ends and middle 
contain air, and between them lie the two oscillator compart¬ 
ments, which are filled with fresh water. Thus there is an air 
space between the oscillators ; this acts as an insulator to any 
interference which might otherwise occur with so small a separa¬ 
tion between them, and also gives a considerable degree of 
buoyancy to the whole unit, making it only slightly non-buoyant 
when submerged. 

Navigation. The use of the echo-sounder together with 
Admiralty charts constitute the most valuable aid to navigation. 
For navigation purposes, soundings are taken at the rate of about 
250 per minute, and are presented as a continuous profile of the 
sea bed by the recorder on the ship’s bridge. This enables the 
navigating officer to fix the position of the vessel on the chart at 
any time, during dense fogs or when sights cannot be taken ; 
risk of grounding is practically eliminated, and, of great import¬ 
ance, the captain is able to make the shortest distance between 
ports. It also allows the ship to proceed with caution towards the 
pilot so as to make port without having to lie at anchor until the 
weather clears. 

Trawling. Echo-sounding machines have proved their worth 
on trawlers for many years, but only since the Second World War 
has their value been fully realised. For this type of work the 
equipment must have special features though, of course, the basis 
of operation is the same as in other magnetostriction oscillators. 
It must be of robust construction with the utmost sim 2 )licitv of 
operation, and must be reliable, working for indefinite periods 
without breakdovTis. Further, it must record from 1 to 500 
fathoms or more with absolute accuracy, and it must have small 
dimensions on account of the limited space available in such 
vessels. Such a machine is the multi-phase sounder which has 
been evolved by Messrs. Henry Hughes & Son Ltd., and bv its 
means a time reading of the ocean bed can be obtained to within 
half a fathom in accuracy. The skipper can now hold his trawler 
along his own favourite ledges, ridges and banks, where in his past 
experience the fish are likelv to be at the time of year that he 
Visits any particular ground. Drift while hauling in the catch 
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can be easily checked, and the risk of losing valuable gear through 

shooting on an unknown ground is much reduced. The echo- 

sounder also records the presence of shoals of fish. On some 

occasions the record of the soundings shows that the fish are too 

deep for the nets, and by successive soundings it can be deduced 

whether the shoals are rising towards the surface or going still 
deeper. 


WAR-TIME APPLICATIONS 

The uses to which acoustic energy may be put in war-time by 
any country depend largely on the situation and needs of the 
particular country. For example, Great Britain has an immense 
merchant fleet and is largely dependent on that fleet for its sur¬ 
vival in times of war. Any nation attacking a country like Great 
Britain would therefore direct its scientific research along lines 
which would cause as much damage as possible to the merchant 
ships ; on the other hand, the country to be attacked would con¬ 
centrate its energy on the development of protective devices. It 
is true that a strong navy can in various ways offer protection to 
the merchant fleet, but in war-time vessels of all types are liable 
to be attacked, and the most offensive weapons for under-water 
attack are mines and submarines. 

The acoustic mine. Various types of mines, of both the 
buoyant and the submerged t^^pe, have been invented for attack¬ 
ing ships. First of all came the magnetic mine with its many 
teclinical devices, then came the acoustic mine, and lastly the 
t>'pe based on the slight decrease in pressure which occurs in the 
V ater below a moving ship. The only one that need be dealt with 
here is the acoustic mine. This was first invented for the British 
Admiralty during the First World War and was developed and 
used in the Second World War chiefly against the Allies. The 
essential feature of this type of mine was a vibrating reed tuned 
to a definite frequency (a usual one was 240 c.p.s.), and 
when this was excited by the noise from a ship it indirectly con¬ 
trolled the detonation. Later forms of this mine contained 
various ingenious devices, one type containing counters which 
operated like a telephone exchange. The mine would not explode 
until it was ‘ called up ” for, say, the seventh time—the first six 
ships would pass over it safely, but the seventh would cause it to 
go off. Another type contained a clock which would keep the mine 
disarmed for many days, until a fixed date. 

To combat these mines it was necessary to investigate as 
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thoroughly as possible the sounds of ships, not only in the audible 
region, but also in the frequencies above and below. Nine hvdro- 
phon^es were set up in the Clyde for listening to passing ships. It 
waa found that the sound output came chiefly from the propellers 
and the complete spectrum of sounds extended from 1 c.p.s. to 
about 100,000 c.p.s.; at low frequencies the sound consisted 
mainly of harmonics of the frequency of the shaft. Modified 
quartz piezo-electric hydrophones were used to measure vibra- 

tioi^ as low as 1 c.p.s., and the higher frequencies were measured 
with tourmaline hydrophones. 

For the purpose of exploding mines working on the audible 

frequency of 240 c.p.s., a tjqie of road drill was used. A noise- 

producing box was evolved containing a metal diaphragm about 

i m. tmck, and this was beaten by a type of penumatic hammer. 

Ihe whole assembly was towed in the water by a minesweeper, 

the conical box being held away from the ship by paravanes. For- 

exploding mines working on very low frequencies of the order of 

10 c.p.s., a piston-displacing mechanism was used, in which 

rhythmic pushes were supplied by an electric motor bv means of 
a cam. 

Detection of submarines. In time of war, submarines spend as 
much of the daytime as possible under water where they are 
immune from detection by visual methods and by radar, and use 
the darkness to surface and travel about at high speed. The 
introduction of a long pipe, known as the Schnorkel or snout, for 
discharging the gases from a submerged submarine to the surface 
enables these vessels to remain under water for a longer time. The 
exhaust pipe sticking above the surface is too small to be detected 
e^ily by radar ; hence acoustic methods involving the use of 
ultrasonics become more and more important, and a great deal 
of knowledge of the behaviour of high-frequency sounds in fresh 
water and the sea is required before com])letely reliable detection 
IS obtained (see Plate 7, facing p. 278). 

The detection of submerged submarines has been particularlv 
highly developed by British scientists, the method being evolved 
from a suggestion made in 1912 after the sinking of the liner 
Ti^nic by collision with an iceberg, and in 1918 scientists at the 
Admiralty Experimental Station succeeded in using quartz 
oscillators to obtain echoes from a British submarine at a range 
of a few hundred yards. The method has now been perfected to 
such a degree that objects as small as mines and midget sub¬ 
marines can be detected at a distance of one mile. Quartz-steel 
sandwich oscillators are used, operating at a frequency which 
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research has found to be most useful, namely, in the neighbour¬ 
hood of 20,000 c.p.s. By using a signal-strength meter it was 
found that with a frequency of 100,000 c.p.s. the waves are 
attenuated as much after passing through 50 yards of water as 
waves of frequency 10,000 c.p.s. after passing through 1,000 yards 
of water. The sound-power used is about 50 watts, which gives 
echoes from a submarine at 5,000 yards. 

The development of the most useful form of transmitter is, 
however, only a part of the task of the detection of a submarine, 
for the transmitter has to be carried in the water below the keel 
of the ship it protects, and has to be slowly rotated so that all¬ 
round acoustic “ vision ” may be maintained ; the steady rate 
of rotation is controlled by the ship’s gyro-compass. The trans¬ 
mitter must also be enclosed in some compartment, for without 
some protective covering it would set up turbulence in the water 
which would refract and scatter the sound. Therefore it is put into 
a *' dome ” which is filled with water and is fixed in relation to the 
hull of the ship. The covering of the dome, its shape and its 
position on the ship's bottom are all important points to be con¬ 
sidered. The covering must be as transparent as possible to the 
sound waves and yet be strong enough to withstand the forces of 
the water acting on it, and the position of the dome must be such 
that the effects due to turbulence and suction are minimised. As 
a result of much experimenting and observation, it was found 
that the best position was as far forward as possible on the centre 
line of the bottom, and modern designs of domes can be used 
with safety and efficiency at speeds more than 20 knots. 

The early detecting devices depended on the hearing of the 
echo through ear-phones, but later a chemical recorder was used 
incorporating starch-potassium iodide paper which of course is 
discoloured when any current passes through it. By this means 
the track of the submarine in relation to the ship is automatically 
drawn and the range accurately determined. 

The British detecting device above described is called Asdic, and 
there are now many forms of this for special purposes, including 
the assistance of submarines in offensive as well as defensive 
work, and, of course, peace-time operations. 



CHAPTER XIII 


ACOUSTICS OF BUILDINGS 

The need for good acoustics in connection with the satisfactory 
hearing and appreciation of the performances of players and 
speakers has been recognised for centuries, for as early as about 
55 B.c. Vitruvius stated clearly the problem confronting the 
actors in the drama. He said : “ at some places the sound will 
strike against solid bodies and check in its return the rise of the 
succeeding sound so that the word endings are mingled into 
indistinct noises ” ; and he suggested that the actor might stand 
in such a position that his voice is not so reflected as to cause con¬ 
fusion to the listener. 

It must be remembered that the theatre of the ancient Greeks 
and Romans had no roof, and although there was probably slight 
reflection from the walls the problem of echoes and excessive 
reverberation could not hav’e been troublesome. Indeed, the 
chief defect in the design of this and all open-air theatres is the 
lack of what Vitruvius called the “ strengthening of the voice 
by reflections from well-placed surfaces To remedy this defect, 
Vitruvius suggested setting bronze vases in the auditorium so 
that the voice would be strengthened by the resonance of the air 
in the vessels; although no such vases have survived, cavities have 
been found in the chancels of some of our English churches and 
it is now beheved that these were for the purpose of am])lifying 
the sound. 

The Elizabethan theatre seemed to be modelled on the classical 
prototj^e in that, although it was smaller in volume, it liad a 
partially covered stage but was open to the sky above tlie ]jit. 
From time to time since tiiose days much thought has been given 
to the question of design for good acoustics, and an aj)pteciable 
amount of useful information was accumulated. It was left, 
however, to Professor W. C. Sabine, of Harvard University, to 
initiate a series of experiments on the problem and to put the 
investigations on a truly scientific basis. 

Requirements for good acoustics. For an auditorium to give 
satisfactory listening, it is necessary that every syllable or musical 
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note should reach an adequate level of intensity at every point 
and then die away sufficiently quickly before the next syllable or 
note is emitted. It is doubtful whether any auditorium can be 
designed to give perfect hearing of words and music to suit every¬ 
one s taste, but certainly the combined eflForts of acoustic and 
structural engineers and physicists can now design a hall which will 
give very satisfactory results. It is also true that it is far better 
and less costly to plan the hall from the point of view of the 
acoustical requirements before it is built, rather than build it first 
and then have to modify it to make it acoustically satisfactory. 

In designing an auditorium, the first main objective should be 
to ensure a good direct path for the sound, for it is important to 
hear the original sound loudly and clearly in order to avoid con¬ 
fusion from subsequent reflections. Secondly, none of the sub¬ 
sequent reflections should compete in stren^h with the direct 
sound, and thirdly, the appropriate degree of reverberation 
should be provided, and in particular the high frequencies must 
be preserved. 


SABINE’S WORK 

Reverberation and absorption. Sabine’s early investigation 
soon led him to appreciate the main problem involved in the quest 
for satisfactory acoustics, which is the relation of reverberation 
to the amount of sound-absorbing material present. By rever¬ 
beration is meant the prolongation of the original sound by the 
successive reflections which occur too quickly to produce distinct 
echoes ; the diagram illustrates this graphically. An outstanding 
example in Nature on a grand scale is afforded during a thunder¬ 
storm. If a strong reflection is heard at more than 1/15 to 1/20 
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second after the original sound, a distinct echo is apparent. In 
that time, sound -will travel approximately 50 to 70 ft., so that for 
an echo to occur in a hall this latter must be large enough for the 
path of the reflected energy to exceed that of the direct sound by 
such a distance. 

When a sound is emitted in a closed room, the energy striking 
the walls, etc., can be reflected, absorbed or transmitted. If the 
walls are of brick covered with plaster, most of the energy is 
reflected and very little is absorbed or transmitted ; a heavy 
curtain, however, probably transmits more than half the energy, 
absorbs perhaps one-third and reflects very little. 

If a continuous source of sound operates in a closed space, say 
a hall, it is clear that the intensity is prevented from becoming 
indefinitely great in the hall mainly by the amount of absorption 
by the surrounding surfaces ; hence the magnitude of the rever¬ 
beration must depend largely on the absorbing power of the sur¬ 
faces. It is found that the shape of the hall is in general not 
important so far as reverberation is concerned ; but clearly if 
there are deep recesses in the room, both the time of reverberation 
and the distribution of sound are likely to be affected. 

Sabine started his experiments by timing the reverberation of 
an empty hall. His source was in the form of a small organ pipe 
which was arranged to give an intensity of sound 10® times that 
of the minimum audible intensity, this being about the av'erage 
intensity used by.a speaker addressing an audience in a small 
hall. Thus he defined the time of reverberation as the time in 
which the intensity of sound decays from one limit to the other, 
that is, a difference in intensity of 00 decibels. 

He then tried the effect of putting cushions on the chairs, etc., 
and he found this caused a steady decrease in the time of rever¬ 
beration. This result was expressed by the relationship 

(.4 -\-a)i = ky 

where A is the absorbing power of the wails, etc., measured in 
square metres of cushions, a is the area of the cushions in s(|uare 
metres, t is the time of reverberation and k is a constant. From 
the two experiments it is possible to calculate how many square 
metres of cushions are necessary to reduce the time from that of 
the empty hall to any desired value. 

Sabine next carried out experiments with various materials 
and was able to make comparisons of .1 for these materials with a 
standard absorber. This was an open window, which, so far as 
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reverberation is concerned, can be considered as a perfect ab¬ 
sorber, since, as the sound waves simply pass through, there is 
no reflection. The results showed that the absorption is pro¬ 
portional to the area of the material, and the amount of absorp¬ 
tion per square metre of surface Sabine called the coefficient of 
absorption (5), which may be defined as the ratio of sound-energy 
absorbed to the incident energy. The range of values of absorp¬ 
tion coefficients is not large, varying from about 0*01 to unity, 
and the accompanying table indicates the values for a few 
materials. 


Absorption Coefficients 



1 Absorption coefficient at 

Absorbent 


frequency of 


125 c.p.s. 

600 c.p.s. 

4,000 c.p.s. 

Open window 

1*0 

1-0 

1-0 

Plaster on brick 

0-013 

0-025 

0-045 (est.) 

Concrete 

0-01 

0-01 

0-015 (est.) 

Wooden floor 

0-05 

0-06 

0-20 

Linoleum on concrete 

002 

0-03 

0-05 (est.) 

Carpet 

0-09 

0-21 

0-37 

Curtains, velour 

0-05 

0-35 

0-35 

1 Hairfelt, 1 in. thick 

0-1 

0-52 

0-44 


I Fibreboard tiles, perforated, 





; in. on solid 

0-05 

0-54 

0-60 


Plywood, 3 mm. thick, 5 cm. 





air space 

0-25 

0-20 

0-10 


Ceiling, plaster on lath 

003 

0-03 

0-045 


Acoustic plaster 

0-18 

0-32 

0-58 


Slagbestos 

0-30 

0-65 

0-30 


1 Audience per sq. ft. of floor 

0-5 

0-82 

1-0 (est.) 


1 Air 

— 


0-01 



Absorption per object 



(sq. ft. units) 


^ Audience, per person, seated 

1-0-2-0 

3-0-4-3 

4-0-6-5 


, Seat, pl 3 rwood 

0-15 

0-17 

0-38 (est.) 


Seat, heavily upholstered 

2-8(est.) 

3-0 

3-6 



The three frequencies given in the table represent the bass, the 
middle of the scale and high treble, 125 c.p.s. corresponding 
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roughly to the octave below middle C on the piano, 500 to the 
octave above and 4,000 to the note three octaves above middle C, 

It should be noted that at high frequencies (above about 2,000 
c.p.s.) a proportion of the sound energy is absorbed in the air 
itself. 

In connection with this table, it must be remembered that the 
absorption coefficient is not a specific property of a material but 
depends on the thickness and on the method of mounting and 
it will be noticed it also varies ^vith the frequency. For example, 
a thin layer of felt backed by a rigid wall absorbs mainly at high 
frequencies and may be inefficient in the low-frequency range. 
Improvement at the low frequencies is obtained by increasing the 
thickness and by spacing the material away from the backing, for 
example by mounting it on battens. 

To find the total absorbing power of the room it is only neces¬ 
sary to multiply the area of the surface of each material present, 
including waUs, etc., by the appropriate coefficient and add the 
results ; thus 

Finally, Sabine carried out experiments in rooms of different 
sizes and found that for a given amount of absorbing power the 
time of reverberation was proportional to the volume of the room 
irrespective of its shape ; in fact, lie showed that for all rooms 
k/v-0-104: if all measurements are in metres. Hence, the equa¬ 
tion on p. 273, At = k (where A represents total absorption) be¬ 
comes ^//i; = 0*164. 

, 0164v 

A • 

This is known as Sabine’s equation. 

If all measurements are expressed in terms of feet, t ==005vjA. 

Since v and A can be calculated from ])lans and specifications, 
it is possible to build a structure of any desired time of reverber¬ 
ation. To test his work, Sabine ]jlaniie<l a new hall, and his 
theoretical calculations were found to give the correct time of 
reverberation when the hall was built. 

Modification of Sabine's formula. Sabine obtained his formula 
as a result of his experiments, but in I!)03 W. S. Franklin dealt 
with the problem theoretically. On the assumjition that the 
distribution of sound is completely random, he showed that the 
average energy-density I at a time t after the source is stopjied 
is given by / = /,naxexp(- VAtjAv), where /„mx is the average 
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1 • j _ source is stopped, V is the 

;^locity of sound, A the total absorption and v the volume, 
from this, the time of reverberation is given by 

10« = exp(-F^</4v), or t=0-mvjA, 

if all linear dimensions are in metres and V is taken as 344 metres 
per sec. at room temperature (20° C.). It will be seen that this is 
m very good agreement with Sabine’s formula. 

But more recent work by Eyring and others has shown that 
Sabme s formula applies essentiaUy to “ live ” rooms in which 
tnere is small absorption and large reverberation, but is unsatis- 
lactory for rooms of very large absorption when the sound suffers 
lew reflections during the course of decay. Eyring derived a new 
equation by considering the reflection at the walls as due to a 
sequence of image ” sources which all come into action at the 
instant the source starts. According to his theory, the formula 
lor the time of reverberation is 

” -^^og, (1-a)’ 

where S denotes the total area (in sq. ft.) of the exposed surfaces 
in the room and a is the average absorption coefficient. It is, 
however, only when the average absorption coefficient is greater 
than about 0-2 that there is any appreciable difference between 
the results given by the two formulae. 

Optimum time of reverberation. One of Sabine’s major contri¬ 
butions to the proper understanding of auditorium acoustics was 
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to establish that there is an optiinuni time of reverberation which 
varies with the size of the auditorium, being longer for larger 
halls, and with the t 3 rpe of performance, being longer for music 
than for speech. So far as volume is concerned, the accompany¬ 
ing curves, due to Bagenal and Wood, show the variation for halls 
intended primarily for musical purposes and for halls in which 
both speech and music may equally have to be catered for, the 



Variation of optimum period of reverberation with 

frequency (MacNair). 


chosen frequency being 500 c.p.s. The values of the reverbera¬ 
tion periods w'ere based upon calculations of the periods of a 
number of halls which were generally accepted as satisfactory ; 
it must be noted, however, that in the light of further experience 
Mr. Bagenal appears to think the curves may be high. At lower 
frequencies, and to a lesser extent at very high frequencies, a 
rather longer period is preferred ; it is particularly impoitaiit 
that the reverberation should not be too low at high frequencies, 
because upon these mainly depend intelligibility of speech and 
much of the character of other sounds. The variatioii of time of 
reverberation with frequency does not appear to be very critical, 
but MacNair has produced a very helpful graph, as shown, based 
upon the assumption that the loudness of all frequency com¬ 
ponents should decay at the same rate. By using the two sets 
of curves, it is possible to make a suitable choice of absorbent 
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surfaces in the auditorium to provide the appropriate degree of 
absorption at the low, medium and high frequencies. 

Control of reverberation. It is seen from the above formulae 
that the time of reverberation depends upon both volume and 
absorbing power. If v is increased and A remains constant, then 
t is increased ; hence to obtain small values of t the auditorium 
certainly should not be too lofty. It has been suggested by 
Fleming and Allen that volumes of 150-200 cu. ft. per person are 
appropriate targets for moderate-sized halls, with slightly more 
for larger places. If v is fixed, then the value of A will determine 
the value of t. 

In the desig^ of a hall, assuming that v is settled and the value 
of t at a certain frequency has been decided upon, the value of A 
can be obtained from the formula, this value representing the 
total absorbing power in the hall, including walls, fittings, fur¬ 
nishings, etc., and of course the audience. In calculating the 
absorbing powers of the individual items it is convenient to work 
in units of absorption. To determine how far the correct value 
of A is met by the proposed design, the total absorption of the 
proposed surface finishes and furnishings is then calculated. For 
this purpose the area of each kind of material lining the various 
surfaces is multiplied by its absorption coefficient, and the whole 
is totalled, giving a certain value in units. So far as the audience 
is concerned, it might be assumed that a seat in the hall had an 
absorption of 2 units and an individual of perhaps 4 units ; it can 
also be assumed that the size of the audience is two-thirds of the 
full seating capacity. The absorbing power of the audience is then 
calculated as follows. Suppose the seating capacity of the hall 
is 600. On the assumption made, 400 seats will be occupied and 
200 vacant, each of the latter absorbing 2 units, making a total of 
400 units. The occupied seats will not have a value equal to the 
individual plus the chair because a good part of the seat will not 
be exposed. It is usual to suppose that the individual and seat 
combine to have a total absorption equal to that of the individual 
alone, and on this assumption, the 400 seats will absorb 1,600 
units. Thus the grand total of the absorbing powers of every- 
thing in the hall can be found, and if this differs greatly from the 
calculated total using the formula, steps must be taken to bring 
the two totals nearer together. Generally, the audience accounts 
for the largest absorption in the hall; therefore, to minimise 
variation of the period of reverberation with the size of audience 
present, the seats should be well upholstered so that they provide 
a high degree of absorption when empty. 
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DISTRIBUTION OF SOUND 

It does not always follow that because an auditorium has the 
correct reverberation period it is entirely satisfactory acoustically, 
for it is necessary to ensure that there is an adequate degree of 
loudness at every point, and an absence of echoes or dangerous 
concentrations of sound. These defects may arise through both 
direct and reflected sound. 

Direct pa^. The loudness of the sound coming direct from the 
source seems to depend mainly upon the angle at which it reaches 
the audience ; if the angle is favourable, hearing will be good, but 
if the angle is very low the sound may be weak. This may possibly 
be due to two causes. First, as the audience is a good absorbent, 
the sound-waves travelling across it at grazing incidence may 
have their energy rapidly drained from their lower edges. Then 
again, if the air just above the audience is warmer than in the 
body of the hall, as it very well might be, the sound will be bent 
slightly upwards and pass over the audience. 

Concerning the first point, if the floor of the auditorium is not 
tilted, the angle of incidence of the waves travelling from the 
stage to the audience is bound to be low, and the result is generally 
poor hearing for a large part of the audience. The remedy for this 
seems to be to provide ramped seating, temporary if necessary, in 
the auditorium, and also a ramped stage, though Dr. A. H. Davis 
has recently suggested that an alternative might be to have a 
splayed reflector over the performers to throw the sound down 
on to the audience. To help further with the satisfactory distri¬ 
bution of the sound, supplementary screens made of resonant 
panels with highly finished surfaces can be put behind the 

performers. 

Reflected sound. If the ceiling of an auditorium is fiat the 
reflected rays tend to spread out, and if the total path from source 

listener is sufficiently long an echo will be produced, for some 
listeners at any rate. Hence either the ceiling must not be too 
high or the surface must be finished vith some absorbent material 
to weaken the reflection ; flat walls should be similarly treated. 
If the ceiling is curved, however, the sound is concentrated m a 
particular region of the hall, and it is possible for the concentra¬ 
tion to exceed the strength of the original sound. In certain cir¬ 
cumstances a distinct echo may be formed, and even if this is not 
the case it must be remembered that undue inten.'-aty of reflection 
at some parts is accompanied by reduced intensity at others. It 
18 evident then that the use of domes and curved surfaces in 
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auditoria requires the greatest caution. In halls where such 
features already exist and it is not found desirable to use ab¬ 
sorbents, the curved surfaces acting as a sound-mirror can be 
“ broken up ” so that the sound is scattered rather than reflected. 
In this connection it must be borne in mind that on account of 
the long wave-lengths of sound, the irregularities must be fairly 
large ; reflection from a dome may be reduced by hanging a large 
object such as a chandelier at the centre of ciu'vature. 



There are certain places in a concert hall where a curved sur¬ 
face is advantageous. For example, if a paraboloid reflecting 
surface is put behind a speaker or soloist standing at the focus, a 
plane beam of sound is sent down the hall and good distribution 
is secured ; this is the function of the sound-board over a pulpit, 
but of course it must be large to be effective. This treatment is 
scarcely possible with a large orchestra, but a shell-shaped cavity 
or even a plane wall close behind the players will help consider¬ 
ably. In this case, the surface of the wall must be hard and non- 
absorbent, so that good reflection is obtained. Another place 
where a hard surface is helpful is the roof over the gallery at the 
theatre, for the reflected sound, falling closely behind the direct 
sound, wtII improve hearing (see above diagram). 

ABSORBENT MATERIALS 

Sound incident on the surface of a material may be absorbed 
in several ways. In the case of porous materials, the energy is 
dissipated through friction between the material and the moving 
air within the pores. With soft, compressible materials, the 
energy may be absorbed by internal friction due to the com¬ 
pression, while with board-like materials capable of vibration it 
may be dissipated by internal friction arising from bending of the 
material. Most of the absorbent materials which have been used 
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in auditoria are soft and more or less porous, and it is not easy to 
give such materials a good appearance by surfacing them with a 
presentable covering. The coverings must be more or less 
pervious to sound, and they should not be painted or varnished 
as this will probably close up the pores and destroy the absorbent 
properties; coverings which can be used with care are brown 
paper, canvas and rep. 

In the design of a hall, the architect must bear in mind that 
absorption coefficients of materials vary with frequency. For a 
hall designed for speaking only, probably an average value of 
coefficient would be sufficient; but if the hall is to be used for 
concert and orchestral work, the values should be ascertained 
over a fairly extensive range of frequencies, for the efficiency of 
one absorbent may be poor at low frequencies and of another poor 
at high frequencies. In general, porous materials absorb best 
at high frequencies, resilient ones at intermediate frequencies 
and materials like panelling at low frequencies, so for a concert 
hall a judicious combination of all three would probably be 
necessary. 

In his experimental work Professor Sabine generally used hair~ 
felt as the absorbent and this was covered ^vith canvas which was 
lightly painted but not sufficient to close up the web. Since then 
many different types of absorbents have been evolved. After 
Sabine’s death, his nephew, P. E. Sabine, carried on the work and 
succeeded in making an acoitstic plaster from the slag of iron 
furnaces by dropping it while still hot into cold water. Lumps of 
this slag were then made into a plaster by using a paste made of 
magnesium oxide and a solution of magnesium chloride; when 
this mixture dries, the gas bubbles form pores. This plaster will 
adhere to a brick wall and can be coated with a thin distemper 
without interfering w'ith its absorbent properties. Other well- 
known absorbents are '' Slagbestos'\ cabot quilt and soft boards 
made of compressed pulp and known as pulp boards. 

The absorption by certain porous materials, for example, can¬ 
vas and wood panelling, can often be increased and the acoustics 
of a hall improved by mounting them a short distance away from 
the brick walls ; sometimes two thin layers of panelling are used 
separated by an air space which can be filled with a material like 
cotton wool to damp the aerial vibrations in the space. In fact, 
the modern tendency seems to be to develoj) cavity absorbents in 
which the damping of air-borne sound is facilitated by resonance 
in an air vessel, while another development is to put absorbent 
coatings on to walls by high-pressure spraj'ing plants. 
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BROADCASTING STUDIOS 

For broadcasting purposes, the various studios must have 
definite acoustic characteristics in accordance ivith the purposes 
to which they are to be put; but in general the reverberation 
time should not depend very largely on frequency. Hence the 
acoustic materials used should have approximately the same 
absorbing power for all important frequencies within the audible 
range ; ^ of these, ordinary building board ” or “ insulation 
board cemented to a hard plaster beneath is very useful for 
wall treatment of studios. 

A studio designed primarily for speech should be practically 

dead , that is, it should be as free from reverberation as 
possible. Therefore the absorption should be a maximum, and to 
provide this the whole of the walls and ceiling can be covered with 
a material kno\vn as “ mineral wool A studio intended for 
music pxirposes generally has a reverberation time which decreases 
somewhat as the frequency increases, but not to a marked degree. 
The concert hall at Broadcasting House, London, in the condition 
in which it is normally used for broadcasting, has a maximum 
time of reverberation of about 1-84 sec. at low frequencies up to 
300 c.p.s. ; the time gradually decreases with increasing fre¬ 
quency, so that at a frequency of about 4,000 c.p.s. the time is 
just over 1 sec. The variability of reverberation time according 
to the size of audience can be overcome, as has already been 
stated, by the use of upholstery and carpets which will provide 
sufficient absorption in themselves. 

When there are a number of studios in the same building, and 
used simultaneously, it is imperative that no sound from one 
studio should reach any other. To provent this happening, the 
best way is to arrange the separate studios as far apart as 
possible. In Broadcasting House, for example, no studios are 
located on adjacent floors ; there is one floor of studios, the 
floor above being devoted to rooms such as libraries, etc., and 
on the floor above that there are further studios. If, however, 
space is limited and the studios have to be put close together, it is 
clear that a high degree of sound insulation will be necessary; 

methods of dealing with this problem will be considered in 
Chapter XIV. 

Then again, in the construction of a good studio, it is important, 
in addition to the provision of an adequate amount of sound¬ 
absorbing material, that the building construction shall be such 
that, as far as possible, any resonance in the walls, floor or ceiling. 



BROADCASTING STUDIOS 


283 


shall be avoided. Such resonance usually takes the form of the 
vibration of the partition concerned as a large semi-fiexible 
diaphragm, and in practice can be readily observed as a tendency 
to “ boom ” on the part of the structure. One effect of partition 
resonance is often the apparent prolongation of the reverberation 
time at or near the natural frequency of vibration of the partition, 
while in bad cases a definite “ coloration ”, by the boom tone, of 
speech or music performed in the studio can easily be heard. It 
is difficult to make every part of the structure of a studio ideally 
rigid, and means have to be adopted to render resonance as 
innocuous as possible. One modern way of dealing Avith the prob¬ 
lem which has proved very effective is to make the studio a more 
or less independent inner shell of the main room, witli a “ float¬ 
ing ” floor and a “ suspended ” ceiling. This is part of the 
technique of what is called discontinuity in construction, and it 
will be considered more fully in the next chapter. 


PUBLIC ADDRESS SYSTEMS 

In a public address system, the speaker talks quietly into a 
microphone, and the sound, after being amplified, is fed into one 
or more loudspeakers conveniently placed in the auditorium. If 
there is more than one loudspeaker, care must be taken that the 
sound from one does not feed into another and so cause inter¬ 
ference. Also a loudspeaker must not be put too close to the 
microphone, otherwise the system of microphone, amplifier and 
loudspeaker may start up oscillations at its natural frequency and 
give rise to a phenomenon known as the “ howling telephone ” ; 
even if the system does not howl, there may still be interference, 
the extent of w'hich w'ill depend both on amplification and fre¬ 
quency. Many loudspeakers are directional and senrl out the 
energy straight ahead ; but at low frequencies there is a certain 
amount of spreading, so that to prevent interference the distance 
betw'een microphone and loudspeaker must be sufliciently large, 
or the low frequencies must be cut out. In otlier words, an 
injudicious disposition of loudspeakers in an auditorium is worse 
than useless. 

The proper use of a loudspeaker is so that every i)erson in the 
audience is ensured of the correct degree of loudness for satis¬ 
factory hearing Avitliout distortion. A i)ublic address .system is 
not a remedy for excessive reverberation in a hall ; indeed, tlie 
use of loudspeakers might easily aggravate the condition, especi¬ 
ally if the sound is over-amplified. The correct procedure is to 
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get the reverberation times right first and then introduce the 
loudspeakers. 

Of course, there are some large and lofty buildings like churches 
and cathedrals where it is difficult and sometimes impossible to 
obtain the correct reverberation time. In such cases each section 
of the con^egation can be treated as a separate reverberating 
chamber with its own loudspeaker put in a suitable place, and 
any excess sound energy would probably be absorbed by the 
congregation in that section. The loudspeaker should be arranged 
a few feet over the heads of the listeners and pointed slightly 
downwards ; a good place is on a pillar, which will cast an 
acoustic shadow so that not much sound travels behind. 

A good example of a very reverberant building is St. Paul’s 
Cathedral, London, which has a reverberation time (at oOO c.p.s.) 
with a full congregation present of 6*5 sec. compared with 2*8 sec. 
in the Royal Albert Hall (full) and 1*7 sec. in the Royal Festival 
Hall (full). It is difficult for even an experienced speaker to make 
himself understood in the Cathedral, except perhaps in the dome 
area, and some form of speech remforcement is necessary. 

The following treatment has been recommended by the Build¬ 
ing Research Board of the Department of Scientific and Industrial 
Research. The most suitable type of directional loudspeaker for 
use in St. Paur.s—and in most reverberant auditoria—is a line 
source of several cone loudspeakers mounted one above the other 
in a common baffle and all operating in phase. Such a system 
mounted close to the pulpit would certainly cover the dome area, 
and would make speech intelligible even in the empty Cathedral. 
Adequately to cover the nave area, the suggestion is to use six 
similar but shorter line sources mounted on the pillars, and to 
cause these subsidiary loudspeakers to be delayed in time by 
electrical means so that, whatever his position in the Cathedral, 
the listener will hear any sound coming from the main source, 
the pulpit, at the same moment as the sound from the nearby 
loudspeakers. 

In cinemas the usual practice is to mount one loudspeaker on 
each side of the screen so that the sound is synchronised with the 
movements on the screen, a condition known to the acoustic 
engineer as “ intimacy ”. For persons a long way from the 
screen this synchronisation probably fails, for the sound reaches 
the persons later than the visible action, and to get over this 
difficulty it might be advisable to provide the more distant 
sections of the audience with a loudspeaker of their own. The 
absorption, however, in this section must be adequate so that no 
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sound gets back to the other loudspeakers and other parts of the 
audience. 

In using a public address system, it is important that the 
speaker should not raise his voice above the ordinary conver¬ 
sational level. If he does so, apart from the “ blasting ” effect 
caused in the loudspeakers, the listeners in certain parts of the 
auditorium will hear the sound of every syllable twice, first from 
a nearby loudspeaker and afterwards dkect from the speaker 
himself. 

The most recent example in Great Britain of a hall in which 
the acoustic properties were considered before the building was 
erected is the Royal Festival Hall in London. The problem here 
was to exclude as much noise as possible from nearby road traffic 
and trains, and to assess and define the musical requirements of 
the proposed hall, such as definition, fullness of tone, balance, 
etc. As a result of many tests made on the site, a treatment of 
insulation was decided upon which renders the hall very satis¬ 
factory acoustically both for vocal and orchestral work. 
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Variation of reverberation time with frequency, Royal festival 
Hail, London. From Nature, vol. 168, p. 264 (1951). 

Absorbents of various kinds have been put on the rear walls, 
along the junction of the side walls with the ceiling, and on the 
side walls close to the orchestra. Such absorbing surfaces have 
been kept to the minimum necessary to prevent echoes. In 
addition, the ceiling is constructed with about twelve huntlred 
holes, 2i in. in diameter, for use with resonators if the need should 
arise, and a canopy placed over tiie orchestra reflects the sound 
to the rear of the hall. To achieve fullness of tone the hall is 
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designed to have as long a reverberation time as possible, and the 
accompanying diagram shows the variation of reverberation time 
with frequency for the hall, empty and full. 

RECENT INVESTIGATIONS 

The work so ably begun by Professor Sabine has been continued 
and is continuing in many countries, especially in America, and 
also at the National Physical Laboratory and the Building Re¬ 
search Station at Garston, near Watford, as well as other acoustical 
laboratories in Great Britain. While accepting that the time of 
reverberation of a hall is an important factor, recent investigators 
are of the opinion that it is not the only factor. 

Before the Second World War, the Acoustics Department of 
the British Broadcasting Corporation carried out some experi¬ 
ments in two studios which had more or less the same shape, but 
had different wall surfaces, one being irregular and the other 
regular. It had been found that, although the two studios, of 
identical acoustic treatment, had exactly the same reverberation 
time, there was a great difference between the sound that came 
to the ear from the two studios. Similar work was done in 
America and it was found that for studio purposes irregular walls 
are very important. Two tj’pes of irregular walls were used ; in 
one t>q)e the irregularities were a series of flat surfaces at different 
angles, whilst the other type had polycylindrical surfaces. In 
connection with the above work, H. L. Kirke believes that, apart 
from reverberation time, another important criterion in studio 
and auditoriuni design is what happens to the sound during the 

first few reflections or the first few milliseconds after the sound is 
started and stopped. 

A similar conclusion was reached by C. A. Mason and J. Moir as 
a result of investigations carried out in the period 1936-39, Their 
method of investigating the acoustics of buildings consisted of 
emitting short pulses of sound from a loudspeaker placed at the 
point which would be used by an artist, and recording the suc¬ 
cessive reflections of the sound pulse as they struck a microphone 
placed at the point in the auditorium under investigation. 
Photographs of a cathode-ray tube, arranged to record micro¬ 
phone output as vertical deflections, the horizontal scale repre¬ 
senting a total time-interval of about 300 milliseconds, were 
taken, and are shown in Plate 8 (facing p. 279). The photo- 

in cinemas which were very good 
(illustration {a) ) and getting progi’essively worse up to illustra- 
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tion (gr). In the good hall the initial sound is a single strong pulse 
mih all remaining reflections of much lower amplitude. Photo¬ 
graph (d) represents the conditions in an average hall and shows 
two secondary reflections delayed by approximately 80 and 150 
milliseconds behind the main pulse. (^) represents conditions in 
a bad hall, and it seems that the initial pulse is completely 
swamped by a mass of sound that has been reflected from the 
side and rear walls, delayed by as much as 200-300 milliseconds 
behind the main pulse. In this case, speech intelligibility was 
very low, because each of the speaker’s syllables was repeated 
half a dozen times by the wall reflection. The reverberation time 
was satisfactory in all the above auditoria, and other factors 
actually favoured the hall represented by (^). 

The conclusion arrived at by Mason and Moir was that the 
acoustic excellence of a hall depended mainly upon the reflection 
pattern that existed during the first 100-250 milliseconds, and 
only to a second order upon the Sabine conception of reverbera¬ 
tion time. 



CHAPTER XIV 


NOISE AND SOUND INSULATION 

Introduction. It was stated in Chapter I that the distinguish¬ 
able feature between a noise and a musical sound is that a noise 
is a sound of irregular wave-form and of a more or less unpitched 
character, whereas a musical sound has a definite pitch and a 
regular wave-form. But for the purposes of this chapter a noise 
will be defined very broadly as a sound which is undesired by the 
recipient, and in the modern world there are many sounds of this 
kind in factories, offices, out-of-doors and even in the home. The 
increase in mechanised processes has inevitably brought about an 
increase in noise, and even though the advantages to be gained by 
the mechanisation probably outweigh the disadvantages, yet for 
those people who do not immediately reap the advantages the 
noise constitutes at least a distinct annoyance. Although per¬ 
haps very little mechanical energy is wasted by noise, the energy 
dissipated may be more than a mere nuisance and may result in 
impairment both of working efficiency and of health. Hence 
from this point of view it is a pressing social problem to try to 
suppress unwanted noises whether they occur in factories, offices, 
houses or flats. It does not matter either whether the sounds are 
noises or musical. Most people would agree that a neighbour’s 
radio can at times be very anno^ng even though quite tuneful 
music is being played ; and again, the war-time innovation of 

music while you "tt'ork ” while no doubt serving a very useful 
purpose, was certainly a source of irritation to unwilling listeners. 

It is not l^ely, nor indeed would it be desirable, that all noise 

should be eliminated, for it is highly necessary for some people ; 

for example, blind persons would be at a grave disadvantage if 

they could not hear the rumble of approaching traffic, and no 

doubt other examples can readily be found. But the general aim 

must be to ehmmate or suppress aa far as possible those sounds 

^hich can make no useful contribution to general happiness and 
welfare. ^ 


288 



EFFECTS OF NOISE 


289 


PHYSIOLOGICAL AND PSYCHOLOGICAL EFFECTS OF 

NOISE 

Although the younger members of the commxmity seem to 
delight in noise, on the whole, older people find it very un¬ 
pleasant. Undoubtedly a sudden violent noise such as an 
explosion causes a change in the rate and regularity of heart¬ 
beats and is a great shock to the whole nervous system. It is fair 
to assume then that a persistent series of noises, even though less 
intense than an explosion, must have an accumulative effect; 
probably the first symptom of excessive and persistent noise is a 
violent headache. The most direct physiological effect of noise 
is upon the ear, and temporary or even permanent deafness may 
result; prolonged exposure to noise day after day, say, in a 
factory, certainly produces a steady deterioration of hearing. 
When temporary deafness does occur, the hearing loss is usually 
greater in the higher frequencies (2,000-4,000 c.p.s.) even though 
the predominant energy in the noise is in the lower frequency 
region. 

A great deal of attention has been paid in recent years to the 
psychological aspect of the effect of noise, and although the 
factors involved in the human reaction to noise are difficult to 
assess, it has been shown in some cases that excessive noise 
adversely affects output of workers and increases the liability to 
error. This is probably the result of the distraction caused by 
the noise, which brings about lack of concentration, though a 
contributory cause of the decreased output and increase in error 
may be the effect of the noise on the health of the workers. In 
some cases relief has been obtained by giving an absorbent treat¬ 
ment to the ceiling of the noisy room, but in this connection 
mention must be made of some conclusions arrived at by H. J. 
Sabine and Wilson. After a series of investigations they reported 
in 1943 that relief has been obtained by absorbents in some 
workshops even where loudness reductions were negligible, and 
they made suggestions relating to the phenomenon of reverbera¬ 
tion and to what they called the “ spreading effect , which might 
be very helpful. They concluded that reverberation is regarded 
as an irritant because it prolongs an already disagreeable sound 
and also because it interferes with conversation, limy suggest 
that reverberation becomes an important factor when the noises 
consist of distinctive impacts, and that the addition of reverbera¬ 
tion to the steady noise of rotary machines i-s not so annoying. 

The importance of the “ spreading effect ”, which is described 
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as the tendency of sound in reverberant rooms to remain at the 
same level, or to decrease very slowly with increase in distance 
from the source, lies in the fact that it causes the noise of other 
machines to interfere with the operator hearing his own machine. 
Sabme and Wilson say that “ as far as symptoms of strain and 
tatigue due to noise are concerned, a machine operator is affected 
much less by his own machine than by others . . . in spite of the 
tact that his own machine, being closest to him, sets up a higher 



Variation of intensity of sound with distance from source in 
large rooms with absorbent and non-absorbent ceilings (Sabine 

and Wilson). 


noise-level at his ear ”, The result of putting absorbents in the 
room IS to reduce the spreading effect, and thereby to limit the 
extent to which other noises can interfere with the sound the 
operator wants to hear. Sabine and Wilson measured the rela¬ 
tion between absorbents and the spreading effect, and some of 
their results are shown in the graphs, indicating that the spread- 
mg effect is influenced considerably by the absorbent. The upper 
curve shows the decrease with distance from the source in a 
rev erberant room, in which the levelling off is evident, and the 
lower curve shows the steady decrease in a room with absorbent 


ceiling. 


ivitiASUREMENT OF NOISE 

Before any methods can be prescribed for noise suppression, it i 
necessary to be able to measure the essential charaXristics of i 
noise, for such measurements provide the basis for the ultimah 
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control of noise by specifying limits which must not be exceeded 
in particular cases. The chief characteristics concerned are the 
intensity, ox physical power of the sound (dealt with in Chapter I), 
the constitutiony or the distribution of energy with frequency and 
the loudness. 

Both intensity and constitution are physical attributes of the 
noise which are amenable to objective measurement; but loud¬ 
ness, which is the magmtude of the sensation a sound produces, 
is a subjective characteristic and must be assessed principally by 
subjective methods. 
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Equal loudness contours (Fletcher and Munson). 

Loudness : the phon. There is no doubt that the loudness of 
a sound is related to the physical intensity, since increasing the 
intensity without changing any other characteristic increases the 
sensation of loudness. But it has been shown experimentally 
that loudness is a function of the character of a sound as well as 
its intensity, and that two sounds of equal intensity but of 
different character do not in general appear equally loud. Ex¬ 
periments have been carried out by several investigators on the 
equality of loudness of pure tones, and the results obtained by 
Fletcher and Munson are sliown in the diagram, wliere each curve 
is a contour of equal loudness ; that is, sounds of the intensities 
and frequencies represented by points along any one curve are 



292 


ACOUSTICS 


0 

judged aurally to be equally loud. The lowest curve is the 
threshold of audibility, giving the minimum values of sound 
intensity in a plane progressive wave required to produce the 
sensation of sound, and the other curves are drawn for successive 
20‘deeibel increments of intensity at 1,000 c.p.s. It will be 
noticed that the curves tend to become closer together at the 
lower frequencies. This means that a given change of intensity 
produces a greater change of loudness at low frequencies than at 
mediiun and high frequencies. Hence it is evident that even for 
pure tones, neither the absolute physical intensity nor its relation 
to the corresponding threshold value is sufficient to express 
loudness ; when noises, which are complex sounds, are con¬ 
sidered, the problem becomes still more complicated. 

For the measurement of loudness a subjective method must 
primarily be employed. The principle adopted is to use a stand¬ 
ard comparison sound of variable intensity to which a scale of 
loudness values is assigned, starting at zero at the threshold of 
hearing and increasing progressively with the intensity. The 
noise to be measured and the standard sound are then compared 
aurally under specified conditions of listening and the standard 
sound is adjusted until it is judged to be equally loud to the noise. 
On the international scale of loudness which was introduced in 
1937, and in which the unit of loudness is called the phon, the 
standard sound is a pure tone of frequency 1,000 c.p.s. in the form 
of a plane progressive wave coming from directly in front of the 
observer. A scale of loudness values in phons is assigned, such 
that when the physical intensity of the standard tone is n decibels 
above a zero of 10 watts per sq. cm. (corresponding approxi¬ 
mately to the normal threshold value) the loudness is said to be 
n phons. The loudness of any sound, in phons, is then defined as 
equal numerically to the intensity-level, in decibels, above the 
specified zero, of the standard sound which, under certain pre¬ 
scribed listening conditions, is judged on the average to be equally 

loud. The table opposite gives the loudness-levels in phons of 
some common noises. 

The steps on the phon scale have been chosen quite arbitrarily as 

equal to decibel steps of intensity of the standard tone, and other 

scales have been proposed to avoid some of the disadvantages of 
the phon scale. 

Subjective methods of measurement are not very reliable since 
they depend on the judgment and opinion of. the listener, and 
probably no two listeners would agree as to what constitutes 
equahty of loudness, though of course more reliable results can be 
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Loudness (phons) 

Noise 

130 

In aero-engine test-house 

110 

Loud motor-horn at 20 feet 

100 

Pneumatic road drill at 20 feet 

90 

In tube train 

70 

50 

In main line express. Conversational speech 
Quiet office 

30 

Quiet whisper 

0 

Threshold of audibility 


obtained by employing a team of listeners. Much work has been 
done m an effort to assess the loudness of any sound by objective 

diTMtlv’^W instruments to measure loudness 

toectly, thereby eliminatmg the human element. Such instru¬ 
ments are caUed noise-meters, and although several types have 

^dered’^+'^^r^’ instruments has so far^b^een con- 

“f of noises to 

wa^ant its adoption as a standard. 

fn subjective characteristic of a noise 

An+ 1 * 1 ^ causes is another, and this is not 

dependent on loudness. For example, noises of pre- 

lon^“ annoying than equally 

d noises in which the lower frequencies are more prominent • 

Wth noises containing a ivide range of frequencies considerable 

® “•’i^ained by suppressing the high frequencies only, 
although the resultant decrease in the sensation of loudness may 

mo 1 ®ji ■ .L of the high frequencies also contributes 

markedly to improvement in the intelligibility of speech in the 
presence of a high level of background noise. Again, noises of 
an uregular and intermittent nature tend to be more annoying 

lilt".® sustained noises, though the latter can be speciallv' 
irritating in some circumstances. 


SOUND INSULATION 

General considerations. The two chief problems to be dealt 
witn m connection with sound insulation are first, to prevent any 
Oise from owteiWe reaching an enclosure wliere it is not wanted 
nd secondly, to reduce any noise mafic by machinery, t\ 7 )e- 
writers, etc., iTiside an enclosure to such a level that it will not 
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unduly annoy people working in the enclosure. The first prob- 
]pm is of* course very important from a domestic point of view in 
connection with houses and flats, when the noise may be of the 
sust(ii 7 i€.d type, or impact noises. In its entry into an enclosure 
the noise may come via the atmosphere through open windows, 
doors and the ventilating system (in which case it is termed aiV- 
borne noise, the effect of which depends upon the pressure of the 
sound-wave), or via the walls, ceiling and floor which are set into 
vibration and act as new sources of sound. In the latter case, of 
course, the sound ultimately reaching the hearer is airborne, 
though some of it may be conveyed to his inner consciousness 

from the floor through his bones. 

If a source of sound inside an enclosure emits energy at a 
constant rate, the average sound-energy density in the enclosure 
builds up until a level is reached at which the rate of absorption 
(including transmission through the boundaries of the enclosure) 
is equal to the rate of emission of energy. For a random distri¬ 
bution of sounds, the final level is given by 1 = 4EIVA, where I 
represents the energy density, E the rate of emission, V the velocity 
of sound and A the total absorption ^vithin the enclosure. 

If there were no true absorption within the enclosure, the 
intensity would build up until the rate of transmission through 
the boundaries was equal to the rate of production by the source. 
Thus the noise outside the enclosure would be independent of any 
transmission-loss through the walls, and nothing would have been 
gained by enclosing the source. Also, if a space is enclosed to 
exclude outside noise and sound enters through the boundaries 
at a constant rate, the average sound-energy density inside the 
enclosure -will build up until in the final state the above equation 
will again apply. With no true absorption -within the enclosure 
the sound would build up until the rate at which it was being 
transmitted outwards through the walls was equal to the rate at 
which it was entering. In such a case the intensity level inside 
would be the same as that outside, and of course no relief from 

the noise would have been obtained. 

Hence, it is clear that in insulating against noise, consideration 
must be given to the question of absorption as well as trans¬ 
mission. Both the absorption-coefficient (see p. 274) and the 
transmission-coefficient (which is defined as the ratio of the 
sound energy transmitted to the incident sound energy) vary -with 
frequency and with the direction of the incident sound. The 
range of absorption-coefficients is not large, but transmission- 
cocfi&cients may vary from nearly unity for a light curtain at low 
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frequencies to the order of 10”® for a heavy wall at high fre¬ 
quencies. Consequently, in dealing with transmission problems 
it is convenient to employ a logarithmic equivalent instead of the 
direct energy-ratio. For this purpose the sound-reduction factor, 
or transmission-loss, in decibels, is used, and this is defined as 

lOlogio (1/0 (see p. 14) 


where t is the transmission-coefficient. 

If sound enters a room wholly through a partition of area S 
separating it from an adjacent noisy room, the actual sound- 
reductiOn (i?') between the two rooms is given very approxi¬ 
mately by 

/ iS\ 

R'==(r~10 logio^] decibels, 


where R is the sound-reduction of the partition and A the total 
absorption in the receiving room. Thus, if the total absorption 
(which has the dimensions of an area) is equal to the area of the 
partition, the actual reduction is equal to the reduction factor of 
the partition. If A is greater than S, the actual sound-reduction 
is greater than the sound-reduction factor of the partition. In a 
normally furnished living room, A is probably less than 6 at low 
frequencies, and may approach equality at high frequencies, with 
the result that the actual sound-reduction from an adjacent room 
is a few decibels less than the reduction-factor of the partition at 
low frequencies, and about equal to it at high frequencies. 


INSULATION AGAINST OUTSIDE NOISES 

If it is desired to make a room in a building sound-proof against 
noises which occur outside the room, various elements in the 
structure of the building have to be considered, and these wi 1 
now be briefly dealt with. It must be borne in mind that such 
noises may be produced outside the building altogether, in the 
street, etc., but they may also occur inside the building in rooms 

adjacent to the room where silence is re(iuired. i • i r 

Walls, floors and ceilings. Except for thick walls at h'f?*/ 
quencies, there is practically no wave-motion within the thickness 
of the material, and sound is transmitted mainly by <liaphragm- 
like vibrations. In practice, a wall will have a large number of 
resonant frequencies corresponding to different modes ot \ i )ra- 
tion, but if the effect of resonances can be neglected, tlie tians- 
mission-coefficient of an approximately homogeneous partition 
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should be proportional to the square of the frequency and to the 
mass per unit area of the partition, and independent of the nature 
of the material. This means that the transmission-loss should 
increase by about 6 decibels per octave increase of frequency and 
by 6 decibels each time the weight is doubled. A 4|-mch brick 
wall has an average transmission-loss of about 50 decibels, and 
the corresponding reduction of loudness -svill depend upon the 
nature of the noise concerned, since the insulating value is better 
at high frequencies than at low, but it should be about 50 phons. 
A 9-inch brick wall, plastered, of about twice the weight of a 
4|-inch wall gives an increase in insulation of about 5 decibels 
only. This is insufificient for a high degree of insulation, for 
although ordinary conversation behind such a wall is inaudible, 
loud sounds from a radio set are certainly heard. 

If the wall is composed of porous materials such as felt, or 
clinker concrete blocks, sound may be transmitted by the motion 
of the air \vithin the pores as well as by the movement of the 
materials as a whole, and this will result in a much greater trans¬ 
mission of sound than with a non-porous material of the same 
superficial weight. 

Increasing the thickness of a wall, then, will certainly increase 
the noise reduction, but of course there are practical limits to 
this increase in weight, and better results can be obtained by the 
use of a composite partition in the nature of a cavity wall. For 
example, two leaves of plastered clinker concrete, 2 in. thick, 
which separately give a transmission-loss of about 40 decibels 
each, may together give a reduction of 55 decibels, provided each 
is insulated around the edges with a layer of cork. This is equiva¬ 
lent to the insulation of a 9-inch brick wall of about three times 
the weight. The space between the two leaves can be air-filled, 
or some sound-absorbing material can be applied to the inner 
surfaces of the leaves, but not so as to bridge the gap entirely. 
It is important, however, that to obtain any advantage from a 
double partition in comparison -with a single partition of the same 
total weight, throughout a wide range of frequencies, the spacing 
between the components should be made sufficiently large to 
push the frequency of minimum transmission down to a low 
value. This is equally important in the case of double windows 
(see p. 299). 

So far, only the sound transmitted directly through a partition 
has been considered, but it must be remembered that a noise out¬ 
side a room will cause vibrations, not only in the partition wall, 
but also in other walls, the floor and the ceiling. These vibrations 
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in the flanking walls, floor and ceiling may ultimately become the 
predominant factor in the transmission of the noise, and ^vill 
undoubtedly reduce the insulation of the partition. Vibrational 
energy is much more effectively conveyed to a wall or floor by 
direct mechanical impact rather than by the small pressure 
variations of airborne sound, and the problem is of most im¬ 
portance in connection with floors. For example, a solid concrete 
floor is a reasonably good insulator against airborne sound, but a 
comparatively poor one where impact sounds are concerned. Of 
course, the surfaces of floors can be treated with resilient materials 
such as cork, rubber and linoleum to reduce impact noise. Very 
often these materials can prevent the generation of much of the 
higher-frequency sounds, but in cushioning the blow they secure 
only a limited eflect upon the lower frequencies, and must be 
regarded merely as palliatives and not cures. Tests have been 
made on a number of these materials and only one of them has 
been foimd to give a reduction in loudness of more than 10 phons ; 
this was an elaborate finish in the form of a thick and springy 
sponge rubber with a smooth wearing face. 

Discontinuous construction. In order to obtain the required 
degree of sound reduction in buildings, consideration has in recent 
years been given to techniques based, not upon continuity, but 
upon the interruption of continuity at certain points. The general 
principle of the method of discontinuous construction is to make 
the room to be isolated a kind of separate box insulated from the 
main structure, and this treatment will involve walls, floor and 

For isolating floors so that impacts upon them are not trans¬ 
mitted throughout the framework, the principle of the floating 
floor can be adojited. In essence, this t>q)e of floor may consist 
either of a concrete screed or a board-and-batten raft, carri(*(l on a 



resilient material. The simplest type of floating screed is con- 
stnicted by laying a resilient quilt over the main sujiporting floor 
and pouring the screed directly on it. Precautions must be taken 
to prevent the concrete from leaking tlirough the joints in the 
quilt and bridging the insulation, and a good way of doing this is 
to seal with bitumen ])aint, or to use waterproof paper. The best 
quilt for the purpose seems to be glass silk, though slag wool and 
eel grass are almost equally good. I’he junction l>etween the walls 
and the floating floor must be closed to [)revent the escape of air¬ 
borne sound. The illustration (p. 298) shows such a floor being laid. 
In another type of floating floor, developed at tiie liuilding 
Research Station, Garston, Herts., the screed is lifted on to its 



9 



Lajing concrete on a glass silk quilt. Reproduced by permission of the 
Director of the Building Kesearcli Station, Garston, Watford. 


resilient supports. The soreed is laid upon waterproof paper to 
pre\ent adhesion to the base, and threaded sockets are incor¬ 
porated in it at intervals of about two feet. When the screed has 
set, wood blocks are put into some of the sockets, and plugs 
screwed dow7i upon tliem. By this means the screed can be lifted 
out of contact with the base, and when it is at a suitable height 
(about 1 inch) the w'ood blocks are replaced one by one with rub¬ 
ber cubes. The noise-reduction factor of this type of floor is of 
the order of 20 to 25 phons ; that of the first type mentioned 

ranges from 15 to 20 phons for single quilts and of course increases 
with greater thicknesses. 

I lie A\alls can be made of clinker concrete blocks with an air 
space between them and the main structure, and they can be 
built directly on to the screeded floor. It should be equally satis¬ 
factory to build them on a separate insulating layer if this is more 
convenient, and the floor can be placed later and poured in con¬ 
tact with the walls. Care has to be taken to see that no concrete 
leaks through the joints in the insulating quilt at this point or the 
insulation will be by-passed. 
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For ceilings, either an independent ceiling can be carried on the 
walls, or a siisjperided ceiling can be used. The latter type seems 
to be the more practicable, and experimental ceilings have been 
erected consisting of metal strap hangers holding a lattice of steel 
rods to which metal lath was fixed and plastered. Thus the whole 
room is like a box with a loose fitting lid. For broadcasting pur¬ 
poses, it is essential that structural vibrations should be reduced 
to a minimum, since one effect of partition resonance is often the 
apparent prolongation of the reverberation time at or near the 
natural frequency of vibration of the partition. For this reason, 
many broadcasting studios and listening and silence rooms are 
equipped with some form of suspended ceiling. 

The above is only a very brief account of the discontinuous 
treatment of buildings. It must be remembered that the tech¬ 
nique is still in its infancy and much research is going on in order 
to obtain the most efficient results. But it certainly seems that 
the question of introducing discontinuity in building construction 
is becoming more and more important. 

Windows, doors, ventilating apertures. Often in a building, the 
windows and doors are the weakest links so far as sound insula¬ 
tion is concerned ; everyone must have noticed that the slight 
opening of a window over a busy city street lets in a great deal of 
noise. In the design of a highly insulating enclosure, special 
attention must be paid to doors and windows and to any necessary 
ventilating apertures, or the high insulation of the walls, etc., may 
be completely vitiated. In the type of room described abov'e in 
the section on discontinuous construction, double windows 
should be provided, one in the outer wall and one facing it in the 
inner shell. Such windows would have to be hermetically sealed 
and this would involve the provision of a forced ventilating sys¬ 
tem. The spacing between the two windows is important, be¬ 
cause at a certain frequency, depending on the distance between 
the two components, selective transmi.ssion occurs and the reduc¬ 
tion afforded may be less than that of a single component. In¬ 
creasing the spacing lowers the frecjuency of selective trans¬ 
mission, and with adequate spacing it may be shifted outside the 
range of frequencies in the noise concerned. With two glazings 
of J-in. plate glass, spaced 0 to H in. apart, and the surround 
between lined with sound-absorl)ent material, there should be no 
serious loss of insulation compared with a 9-in. brick wall. In 
the case of most dw'ellings, it is (at present at any rate) incon¬ 
venient and not practicable to have double window's, and natural 
ventilation is relied upon. This, of course, means considerable 
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reduction in the sound insulation ; but some improvement can be 
obtained by the proper setting of vdndow frames and by the use 
of absorbent baffles. 

For high insulation, doors also should be double and of heavy 
construction, equivalent to at least 2 in. of solid wood. It is very 
important that they should effect a tight closure and the rebates 
should be lined with resilient material. The gaps at the bottom 
of the doors should be closed either by a sill or by an efficient form 
of draught excluder. One form of single door which apparently 
is an efficient sound-insulator consists of a heavy steel box 
packed, not with slag wool or other similar absorbent material, 
but with a large mass of dry bricks. 

To prevent noise escaping through ventilating apertures, the 
noise should be made to pass through a duct or a system of 
parallel ducts lined vdth sound absorbents. This is particularly 
important where an artificial system of ventilation is in operation, 
and'the noise, which may arise from the ventilating plant of from 
adjacent rooms, must be prevented from entering via the inlet 
and exhaust ducts. To suppress the noise from the fan, this and 
its motor should be mounted on anti-vibration supports and the 
ducts should be isolated from the fan by means of flexible sec¬ 
tions ; in addition, the airborne noise should be absorbed by 
lining a length of the duct near the fan ^vith absorbent material, 
such as slag wool. The attenuation of sound passing through a 
duct increases \vith the ratio of the perimeter to the cross- 
sectional area. Hence the duct should preferably be of narrow 
section, or should be divided into a number of narrow ducts by 
means of baffles of absorbent materials ; two suitable types of 
baffles are suggested in the diagram. Noise from an adjacent 
room may also find a path via the ventilating ducts, and to pre- 
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vent this, the portion of the duct between the branches to the 
two rooms concerned should be lined with absorbent. 

Houses, flats, hospitals, etc. One of the big social problems to 
be solved in the future is to provide dwellings which will give to 
the occupiers a comfortable standard of sound insulation, and it 
is satisfactory to note that in addition to the extensive investiga¬ 
tions on methods of sound-insulation, a recent step has been taken 
in the establishment of standards of airborne and impact insula¬ 
tion in respect of both houses and flats. The chief types of noises 
to be dealt with are those arising from neighbours’ activities, 
including radio and television, impact sounds and noises produced 
outside the building altogether, and there is no doubt that occu¬ 
pants of fiats are the biggest sufferers. 

Quite apart from any specific treatment in sound-insulation that 
might be given to dwellings, much can be done to reduce noises 
in dwellings by careful siting and planning, and also by an 
attempt to suppress the noises, especially those coming from 
outside the building, at the source. Such noises as motor horns, 
motor cycle exhausts, pneumatic drills, etc., are a serious source 
of annoyance, and it is encouraging to note that tests are being 
carried out to deal with some of these. Traffic noises, too, could 
be minimised if it were possible for all vehicles to have pneu¬ 
matic tyres and if the roads could be covered with some sub¬ 
stance like rubber, but this perhaps is too much to hope for at 
present. 

Houses, as a rule, must be built adjacent to the street or road, 
and unless special precautions are taken in the construction, the 
occupants must endure the outside noises from the street; but 
certainly efforts can be made to design the houses so that noises 
from neighbours’ activities are minimised. So far as blocks of 
fiats are concerned, these are better set back as far as is practicable 
from the road, with possibly a screen of evergreen trees or tall 
shrubs along the verges of the road. There are other noises, of 
course, besides those emanating from neighbours in both houses 
and flats. Lifts often cause annoyance in flats and hotels, due to 
noise arising from the starting and stopping of motors, and from 
doors and gates, and the noise is accentuated because it wanders 
up and down the shaft and is audible on all the floors. Hence, 
lifts and stairs should not be jilaced next to living rooms and bed¬ 
rooms, and noisy mechanical plant should not be set next to, or 
above or below, rooms where quietness is required. 

Then again, chimneys might require to be treated as part of the 
problem in dwellings, and if possible the adjacent chimney stacks 
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should be separated. In blocks of flats where it is desired to 
insulate, say, the living rooms, the length of the chimney con¬ 
cerned can be isolated by interposing over the full area of one 
course in the brickwork at each floor-level a layer of soft asbestos 
quilt. This type of discontinuity is also useful in connection with 
hot-water systems in which pumps are used to assist the circula¬ 
tion of the water, and in ordinary water-supply systems. In the 
former, the vibration of the pumps may be conveyed along the 
pipes ; the resulting noise can be reduced by breaking the main 
supply pipe just beyond the pump and inserting a flexible con¬ 
nection of rubber. In the latter case, vibration may be caused by 
the turbulent flow of water at the taps, and although the vibra¬ 
tion of the pipes alone does not produce much noise, much larger 
areas may be set in vibration since the pipes usually are rigidly 
connected to the building structure. Here again the remedy is to 
break the continuity of the pipes by inserting a flexible rubber 
section, and to insulate the pipes from the structure with materials 
such as felt or rubber. 


So far as houses and flats of the future are concerned, it is 
reasonable to hope and expect that some form of discontinuity of 
structure such as is indicated in the previous pages will be used. 
Standards of sound-insulation have been arrived at, and for air¬ 
borne sound a reduction of not less than 55 decibels between the 
main rooms in adjacent dwellings has been recommended. If this 
is accepted, then there is no doubt some form of discontinuous 
construction is necessary. 


INSULATION AGAINST INSIDE NOISE 

When the source of noise is in the room where quiet is required, 
and the noise cannot easily be controlled, the only methods avail¬ 
able for suppression are to try to isolate the source and to use 
sound absorbents. In the case of machinery in factories, etc., 
rigid connection with the building structure must be avoided so 
as to prevent the vibrations being communicated to the floor, 
walls, etc. Probably the best way of doing this is to mount the 
machinery on resilient supports such as pads of rubber or com¬ 
pressed cork or steel springs. For effective reduction in the 
vibrational force transmitted to the structure, care must be taken 
in the choice of the resilience of the supports so that the ratio of 
the frequency of the vibrational force to the natural frequency of 
the machine on its supports is as high as possible. Otherwise the 
transmitted force may be increased instead of reduced. In the 
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case of a light machine, it may be desirable to mount it on a heavy 
base plate in order to obtain a sufficiently low natural frequency. 

When as much has been done as is possible in this direction, the 
only treatment left is absorption. Thus the ceilings should be 
covered with absorbents particularly efficient in the higher fre¬ 
quencies, and absorbent baffles suspended from the ceilings 
would also help ; the upper parts of the walls could also be simi¬ 
larly covered. Greater improvement can sometimes be obtained 
if it is possible partially to enclose the source of the noise by an 
absorbent screen, for then the absorbent, being in a position where 
the noise is greatest, is most effective. With some machines this 
treatment may not be possible, but it is certainly worth trying 
with machines like typewriters, etc. 

Absorption has also been used effectively for reducing the noise 
on underground railways. The noise is normally confined by the 
reflecting walls of the tunnel, and the level is thus considerably 
increased; hence when the walls are lined ^vith suitable absorbents 
an improvement is obtained. In connection \vith the use of ab¬ 
sorbents, it must be noted that noise reduction by absorbents 
alone can only be markedly effective if originally the room is very 
reverberant, so that the rate of absorption can be increased several 
fold. Doubling the rate of absorption in the room, for example, 
will give a reduction of about 3 phons in the noise level, and no 
amount of absorption at the boundaries of the room can reduce 
the noise to less than would be obtained in the open air. 

The student who requires more information concerning noise 
and sound insulation should consult original papers on the sub¬ 
ject. A list of these will be found in an excellent paper by N. 
Fleming and W. A, Allen called “ Modern Theory and Practice 
in Building Acoustics ” {Journal of the Institution of Civil Engi¬ 
neers ^ 1945), from which source most of the information contained 
in this chapter has been derived. 

AIRCRAFT NOISES 

Now that flying is a recognised and well-established mode of 
travelling both for business and pleasure purposes, it is necessary 
that the journeys should be made as comfortable as possible for 
the passengers and the crews, and certainly one problem which 
must be tackled is that of noise within the cabins. In war-time, 
the over-riding consideration must be of course speed and 
manoeuvrability, and although these are important in civil air¬ 
craft, the suppression of noise to a reasonable standard is also 



304 ACOUSTICS 

important, even though any sound-insulation treatment given to 

the aircraft may interfere with the other two. The problem is 

not an easy one to solve, as new types of aircraft are continually 

being evolved. But a good start has been made by N. Fleming 

and others at the National Physical Laboratory to obtain data 

that will be useful to the aircraft designer ; much remains to be 

done, however, before a satisfactory solution of the problem is 
reached. 

It has been stated earlier in this chapter that noises of a pre¬ 
dominantly high pitch tend to be more annoying than equally 
loud noises in which the lower frequencies are more prominent, 
and that loud noises containing a wide range of frequencies are 
much less distressing when the high frequencies are suppressed, 
although the resultant decrease in loudness may be slight. There¬ 
fore, the first problem in dealing with aircraft noises, as with other 
noises, is to obtain measurements to show the distribution of 
sound-intensity with frequency. Methods are available for doing 
this, and as a result of tests made, certain provisional standards 
have been recommended as to the maximum levels of noise which 
should be permitted in aircraft of different types, military and 
civil. The problem of noise is essentially one which depends on 
the effects produced on human beings and not necessarily on the 
physical measurement of the magnitude of the noise, and even 
though it might be difficult to reduce the noise of aircraft to the 
requisite level, there might be a much greater chance of eliminating 
those characteristics which cause the annoyance. 

The main sources of noise in aircraft are the engine, the air¬ 
screw and aerodynamic noise produced by the flow of air over the 
structure, and for an effective treatment an attempt must be 
made to reduce the noise at the source and to insulate the cabins 
by sound-proofing the walls, etc. The problem would be easier 
if the relative contributions of the various sources of the noises to 
the total noise intensity were known, but as these depend on 
various factors such as frequency, airspeed, tip-speed of the air¬ 
screw, etc., the matter becomes more complicated, and much more 
quantitative data will be required than are available at present. 

Reduction at source. The predominant noise from a piston-type 
engine is that from the exhaust, and a considerable reduction of 
noise can be obtained by the use of exhaust manifolds instead of 
separate stubs, though this might be accompanied by loss of 
engine power and of exhaust thrust. When manifolds are used, 
the exhaust discharge should be located at a point screened from 
the passenger c^ins by the wing or engine nacelle. In many 
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instances the exhaust is delivered downwards, and this generally 
causes the annoyance factor to people on the ground, especially 
in the case of low-flying aircraft. It has been found that the 
offensiveness is maiifly due, not to the magnitude of the noise, 
but to the high-frequency component of wave-length about 
1 ft. This sound could therefore be screened from the ground if 
the exhaust were discharged above rather than below the wing. 

In a jet engine the main sources of noise are the whistle from 
the impellor, and the roar of the jet. No information is yet avail¬ 
able on the noise of such engines in flight, and any comparison 
of the noise "with that of piston engines must be based on measure¬ 
ments made on the test bed. It appears, however, that on the 
whole there are grounds for believing that, for the same per¬ 
formance, an aircraft powered with jet engines may be less noisy 
than one powered with piston engines with open stub exhausts. 
Against this, of course, the exhaust noise from the piston engine 
can be reduced by the use of manifolds, but the jet engine presents 
no such opportunity. To people on the ground, it is the high- 
pitched whistle, the frequency of which is determined by the 
number of blades on the impellor and its rotational speed, which 
is probably the most disturbing feature, though one consolation 
is that the noise does not last very long. 

Various theories of the production of noise by a rotating air¬ 
screw have been given, and there are several factors which deter¬ 
mine the noise. One portion is produced by the forces exerted on 
the air by each element of the blades, tliat is, by the torque and 
thrust of each element, and this consists of a series of harmonic 
components, the fundamental of which is equal to the rotational 
speed multiplied by the number of blades. At low ti])-speeds the 
fundamental is the predominant component, but with increasing 
tip-speed the harmonics become more evident, and at high speeds 
they may become the most important. Another source of noise 
is that due to the shedding of vortices from the bhules, and this 
may be the more important at high frequencies. When the tip- 
speed approaches the velocity of sound, shock waves are pro¬ 
duced and these give a large increase in the high-fre(piency con¬ 
tent of the noise. The reduction of airscrew noise requires 
primarily a reduction of tip-speed. In order to maintain per¬ 
formance, therefore, either the diameter of the airscrew must be 
increased or a larger number of blades used ; for example, it has 
been found that at 500 horse power and blade angles of about 12° 
the tip-speeds of a two-bladed airscrew and a five-bladed one 
were about 1,050 ft. per sec. and 650 ft. per sec. respectively, and 
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the noise of the fiye-bladed airscrew was more than 20 db. lower 

than that of the two-bladed airscrew. The measures suggested 

for noise reduction certainly have disadvantages, and it is for the 

designer to decide whether the disadvantages outweigh the need 
for smaller noise. 

Very little information is yet available concerning the magni¬ 
tude of aerodyruimic noise, hut it appears certain that it is due 
partly to the turbulent motion of the air over parts of the machine 
such as the wings, etc., and partly to factors such as small 
beaded parts around the windows and badly fitting components 
generaUy. At speeds in the region of 200 m.p.h. aerodynamic 
noises are not much below those of the engine and airscrew, 
especially at the higher frequencies; but at higher speeds the 
noise seems bound to increase and may be by far the most im¬ 
portant source of the noise. Here again it is a problem for the 
designer to introduce more laminar flow sections and so reduce 
turbulence, but he must be assisted by a more thorough investi¬ 
gation into the nature of aerodynamic noise and the manner in 
which it varies with air-speed and other relevant factors. 

Sound-insulation of cabins. The principles underlying the 
insulation of the cabins against noise are similar to those already 
discussed in connection with buildings. The noise entering the 
cabins may be airborne, coming direct from the engine, the air¬ 
screw and the source of aerodynamic noise, and it may also be 
caused by vibrations conveyed through the structure. Therefore, 
in order to bring about a reduction of the noise in the cabin, the 
latter would have to be treated as a sound-proofed room, and 
details of the necessary treatment have been given earlier in the 
chapter. Such treatment involves the walls of the cabin, the 
floor, and other parts such as windows, ventilation and heating 
ducts and gaps at imperfectly fitting doors or opening windows, 
through which the noise may enter. By using double walls for 
the cabin, fitting double windows and attending to the ventilating 
system and other openings, it has been found possible, by tests, to 
bring about a noise reduction between the outside and inside 
ranging from 10 db. at low frequencies up to more than 60 db. 
at high frequencies. Quite apart fromjany sound-proofing treat¬ 
ment, the designer may be able to assist in the problem by 
locating the passengers in the less noisy parts of the aircraft, 
when these can be definitely ascertained. 

It will be recognised by the student that the above account of 
aircraft noise is very incomplete and does not pretend to indicate 
the great amount of research work which has already been done 
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on this rather intricate problem. But it is hoped that sufficient 
information has been given to arouse the enthusiasm of the 
young engineer, and to encourage him to realise that this is one 
of a number of problems in acoustics, to the solution of which he 
may one day be able to make his contribution. 
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(1) General differential equation for wave-motion. — = . 

dt^ dx^ 

The equation for a simple harmonic wave-motion is 

y = aQ\np(t-xlV) (see p. 5). 

If X is regarded as constant, that is, we are considering a particular 
particle the position of which is defined by Xy we have by 
differentiation : 


dtj 


= ap cos p 


(‘-f) 


and 


dhj . 

= - ap^ sm p 


dt ' -"V VJ — dt^ 

Similarly, if t is regarded as constant, we have : 


H) 


( 1 ) 


dp / X » 

— iCospI^-—) and 


__ 

dx V -V" V 

Hence, from (1) and (2), 


d^y ap^ 

dx^ F2 ’ 


sm p 




..( 2 ) 




which is the differential equation for a simple harmonic motion. 
Now consider the equation y =f{Vt — a:), or more generally 

y=f(Vt-x)+f,(Vt-^-x)y .(4) 

where/and/i represent any functions. 

By differentiating equation (4) twice, it can be shown that this 
equation is the generalised solution of the differential equation 
(3). Hqnce equation (3) is the general differential equation for 
any form of wave-motion, not necessarily harmonic, and the 
equation y=a smp(t~xjV) is a special case of equation (4), the 
case of a progressive simple harmonic wave. 


(2) Velocity of a longitudinal wave in a solid. Consider a uni¬ 
form rod of cross-sectional area 1 sq. cm. and density p gm. per 
c.c., and let an impulse of F , ht be given to one end, say at jB. 
This will produce a compression (5a:) which will travel forward to 
A a distance F . 5^ in the time 5^. The momentum acquired by 
the length of rod F . 5^ is given by mass x velocity 

= F .Uxp xhxjht =pV . 5a: 
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Now if is Young’s modulus for the material, 

% p stress F , . 

"= 85/F78< 1 ) • 

or the impulse 


Sx* 


F . Bt = ~ . Bx . 


( 2 ) 


Since by Ne^vton’s laws, impulse = momentum ; 


we have 
whence 


~ . Bx=pV . Sa: 

V = J^p. 


(3) Frequency of a tuning fork. It was stated on p. 108 that the 
factors determining the frequency of a tuning fork are the length 
and thickness of the prongs (physical dimensions 1) and the 

velocity of sound JEjp in the material. If this may be assumed, 
an expression relating these quantities may be obtained by using 
the method of dimensions. 

Let the frequency 7i=k . E^p^ 

Now dimensions of n = [T]-^ , of l = [L],oi E = [M\ ILli \T]-^ 

and ofp-[i)/] [L]-3. 

Hence [T]-i = [Z]« . . [.1/J^[L] 

Equating corresponding indices; for [7'J, -1^-26: [L] 
a-6-3c = 0; [J/], 6+c = 0. 

Whence 6 = |, c== -h,a= -1 

and 


It should be noted that I here is not merely the lengtii of the 
prongs ; it involves thickness as well. A. il. Wood in lii.s book 
‘ A Textbook on Sound " states that the frequency of a fork is 
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il™. by ‘ »<! 

at first sight the expression derived from dimensions does not 

seem to agree with this. It must be remembered, however, that 
the dimensions of tjP is [L]-K 

Ejfect of temperature on the frequency of a fork. 

From the above, n = k 

or log n =log - log Z + J log E - J log p. 

Taking dififerentials. ^ > 

’ N I E V ■ 

If these changes are due to an increase in temperature 80, then, 

so far as I and p are concerned, we have 81/1 = 0 .. 80 and 8plp = 

“3a . 80, where a is the coefficient of linear expansion of the 

ma^rial. Concerning elasticity, it is known that the temperature 

coefficient of elasticity decreases with temperature (for metals at 

any rat^, and if we may assume that a linear relationship such 

~ ^0 (1 is obeyed, where p is the temperature coefficient 

of elasticity, then BE/E^ . 80. 

Hence^= - cc. 86. SO. SO = -k.Sd 

is somewhat greater than a). 

It will be seen from this relationship that frequency decreases 
V ith rise in temperature, and further, that the relationship 
between frequency and temperature is a linear one. 

(4) Cathode ray oscillograph. Several references have been 
made in the text to the use of the cathode ray oscillograph in 

is no doubt that this instrument 
a Olds a rapid and an accurate means of demonstrating certain 
phenomena, especiaUy those deaUng with wave-motion. 

Like many other instruments used in physics, the oscillograph 
IS provided with a “ pointer ” (the electron beam), and sometimes 
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with a scale ; but the pointer has no inertia and so responds 
immediately to any impulse impressed upon it. Hence the 
pointer can follow very rapid changes and portray them on a 
screen for visual analysis. 

The earlier kind of oscillograph was of the soft tj'pe, which 
contained an inert gas such as argon ; but most modern instru¬ 
ments are of the hard type in which the tube is exhausted to a 
state of high vacuum. Electrons are produced by the heated 
filament which is the cathode, and these are accelerated by a 
p.d. between the filament and the perforated anode A, the metal 
shield C concentrating the beam and directing more electrons 
through the hole in A. The electrons pass through A with 
considerable energy, and on striking the fluorescent screen they 
make it luminous at the point of impact. For better focusing of 
the electrons, two or more anodes can be used at successively 
higher p.d’s. 

The pairs of plates, Pj and Pg, are both arranged parallel to the 
direction of the electron stream, but the plane of one pair is at 
right angles to that of the other. By applying fields to the plates, 
the stream can be deflected vertically or horizontally, and the 
character of the variations is shown on the screen as a fluorescent 
line ; the fields applied to the plates may be either electrostatic, 
or magnetic (produced by coils outside the tube). 

In using the oscillograph, the p.d. to be investigated is connected 
to the plates Pg, while the plates P^ are connected to a time-base 
circuit in which voltage alternations of known frequency are 
maintained. If there is no time-base circuit and an alternating 
p.d. is applied only to the movement of the spot (on the screen) 
will be simple harmonic and mil be indicated by a straight line 
across the screen. But when p.d.’s are applied to both pairs of 
plates simultaneously, the beam will move under two simple 
harmonic motions at right angles and the appropriate Lissajous 
figure will be traced out. If the motion of the spot due to the 
time-base is made at a uniform speed, the fluorescent track will be 
a time-displacement graph of the motion, and by synchronisation 
of the motion due to both sets of ])Iates a stationary pattern can 
be obtained on the screen. J'hc ideal time-base is what is known 
as a linear time-base^ but for details of this and other features of 
the oscillograph the student should consult books on electricity. 

Uses in experimental icork. The general method ot using the 
oscillograph in experimental work is indicated in the diagram 
(p. 312), in which XX and YY represent liie plates P^ and P.^ in 
the diagram on p. 310. 
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Sound 



Whenever it is desired to examine visually any form of wave- 
motion by means of a stationary pattern which can, if necessary, 
be photographed and examined at leisure, the oscillograph is 
indispensable ; there are, of course, many other phenomena 
which can be investigated by using this instrument. Here we 
shall describe briefly only two examples, rather different in tj^e, 
of its use in sound. 

Comparison of Jrequericies. The frequency of any sound can 
be found if a calibrated oscillator of some type, either of fixed 
frequency or more preferably one in which the frequency is 
variable, is available. The output of the standard oscillator is 
applied to one set of plates, while the amplified output from a 
microphone located in the sound field of the source to be investi¬ 
gated is applied to the other set. The spot due to the electron 
beam will execute Lissajous figures, and an interpretation of these 
figures gives a means of obtaining the unkno^vn frequency. The 
simplest plan is to use a variable standard and to alter this until 
the pattern on the screen is a steady circle, ellipse or straight line. 
The two frequencies are then of the same value, and it is only 
necessary to read the dial on the standard instrument to obtain 
the desired frequency. 

Velocity of sound in air. Two microphones J/j, and M^, 
situated in the sound field of a loudspeaker which is energised 
by a valve oscillator giving a pure tone of kno^vn frequency, are 
connected to the X and Y plates respectively. The two sources 
will produce the appropriate Lissajous figure which will, in 
general, be an ellipse ; but if the two microphones are separated 
by a distance equal to an exact number of half-waves, so that the 
phase difference is either zero or tt, this figure will be a straight 
line. Hence and J/g adjusted in position to produce 

a straight line on the screen, and then one is moved away until a 
similar trace is obtained ; the distance moved is clearly one 
wave-length. The process can be repeated to find a mean value 
of A, and the velocity can be found from V -nX. 
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These questions have been selected from recent examination papers 
for various levels of the General Certificate of Education and similar 
examinations. The examining bodies have kindly given their consent 
to the use in this way of their questions, the sources of which are 
indicated by initial letters following each question : 

University of Bristol. (B) 

Local Examinations Syndicate, University of Cambridge. 

(C) 

Civil Service Commission. (CSC). By permission of the 
Controller of H.M. Stationery Office. 

University of London. (L) 

Joint Matriculation Board (Northern Universities). (N) 

Oxford Local Examinations. (O) 

Oxford and Cambridge Schools Examination. (O and C) 

Central Welsh Board. (W) 


CHAPTER I 

Ordinary level. 

1. How is soimd transmitted from its source to the ear and what 

is its effect on the ear? Describe the construction of either a telephone 
or a microphone, and explain its method of operation. (L) 

2. How is soimd (a) produced, (b) trmismitted, from place to 

place? Describe briefly two experiments to illustrate («) and one to 
illustrate (6). (N) 


3. Why is it suppo.sed that sound consists of a wave motion pro¬ 
pagated through air? Illustrate your answer by experimental 


examples. (G) 

4. What are the main characteristics of wave motion? Jllustrato 

your answer by a diagram. (L) 

5. Explain what is meant by “wave motion”. Distinguish 

between longitudinal and transvei'se wave motion, and give an 
example of each. (L) 


6. Describe one experiment to explain each of flio t(jllowing : 
(a) The source of sound is a vibrating bo<ly. (b) Do sounds pas.s 
through a vacuum? (c) Sound is transmitted by a wave motion. 

What evidence is tliert' for b(die\'iiig timt .sound docs or does not 
pass through solids and liquids? (O) 

7. Describe experiments to show tljct {(i) sound is caused by 
vibration, and that (b) sound is not traii.->mitte<l in tiio absence of a 
material medium. 
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A spectator watches a game of cricket on a still summer day from 
a distance of half a mile. At what interval after seeing a player hit 
a ball will the spectator hear the sound? State how you obtain the 
answer. (The velocity of sound in air should be taken as 1100 ft. 
per sec.) (L) 

Advanced level. 

8. Give a general account of the mode of action of the h uman 
ear. What is meant by the threshold of audibility, and how does 
this vary with frequency for the average person? 

What scale is used for comparing the loudness of sounds, and why 
is such a scale chosen ? (CSC) 

9. Describe the nature of the disturbance set up in air by a vibrating 
tuning fork and show how the disturbance can be represented by a 
sine curve. Indicate on the curve the points of (a) 
particle velocity, (6) maximum pressxire. 

What characteristics of the vibration determine the pitch, intensity 
and quality respectively of the note ? (N) 

Scholarship level. 

10. Show that the total energy of a particle performing simple 
harmonic motion is independent of time and that it is proportional 
to the square of the amplitude and to the square of the frequency of 
the motion. 

The tension in the wire of a sonometer is equal to the weight of 
100 gm. If the wire is 100 cm. long, and vibrates in its fundamental 
mode with a maximum amplitude of 01 mm., calculate the energy of 
the vibration. (The frequency n of vibration of the wire is related to the 
tension T, the mass per unit length m, and the length I by the formula 

11. Describe how you would produce (a) a note of approximately 

1,000 cycles per second, (6) an ultrasonic vibration of approximately 
50,000 cycles per second. Explain how you would measure the 
wave-length of these disturbances. (C) 


CHAPTER II 

Ordinary level. 

1. Describe one method for the experimental determination of 
the velocity of sound in free air. 

If an observer records a time-interval of t sec. between seeing a 
flash and hearing the thunder, calculate the distance in miles of the 
flash from the observer. (The velocity of sound in air may be taken 
as 1100 ft. sec."^) (L) 
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2. Describe a laboratory experiment to determine the speed of 
sound in air. 

Describe and explain the effect of a change of temperature on the 
frequency of the note given by (a) an organ pipe, (6) a violin string. 

(L) 

3. (a) Describe a method of finding the velocity of sound in air. 

(6) A balloon is 2,200 feet above ground, and the velocity of sound 

in air is 1,100 feet per second. How long does it take for sound to 
travel to the ground, be reflected, and return to the balloon? 

(c) Sound travels from a ship to the bottom of the sea, is reflected, 
and returns to the ship in 0 08 second. The velocity of soimd in sea 
wator is 5,000 feet per second. How deep is the water? 

(d) Suggest one reason why echo-sounding to find depth is useful 

at sea, but is of little use to the pilot of an aeroplane. (C) 

4. Describe a method of determining the velocity of sound in the 
laboratory. 

A man by the side of a lake sees the steam from the whistle of a 
steamer on the lake. Three seconds later he hears the whistle, and 
four seconds later still he hears the echo of the whistle from a cliff 
behind the steamer and at the other side of the lake. What is the 
width of the lake if the velocity of sound in air is 1100 ft. per sec. ? (N) 

5. “ The velocity of sound in air is approximately 1100 ft.-sec. 

Describe and explain two ways of verifying this statement experi¬ 
mentally, one being an open-air metliod and the other suitable for 
use in a laboratory. 

6. State the evidence from which it has been concluded that 
light and sound travel at very different rates. 

In a 440 yds. race along a straight track two timekeepers stand at 
the “ finish One starts his watch when he sees the smoke from the 
starter’s pistol and the other when ho hoars its report. The times 
recorded for the winner of the race are 54-76 sec. and 53 62 sec. 
respectively. Use this data to iiiid a value, in ft. sec.“b for the 
velocity of sound in free air. 

7. Describe a method of in(?asuring the velo(’it 3 ' of soun<l in air, 
showing clearly how the result is calculated. 

In a dotermiiiation of the depth of tlie sea, the eciio from tlie sea¬ 
bed of a sound produced on a slii(> is received back 0 8 sec. after 
the actual sound. What is tlio depth of the sea at that point? 
Velocity of soiuid in sea water — 1500 metres per sec. (L) 

Advanced level. 

8. How does the velocity of sound in a medium depend upon the 

elasticity and density? Illustrate your answer I)y reference to the 
case of air and a long metal rod. I'hc velocity of soimd in air being 
1100 ft./sec. at 0°C.,and tlio (;oeihcient ol cxjiauHion 1/273 per degree, 
find the change in velocity per ® C. rise of temperature. (L) 
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9. How would you find by experiment the velocity of sound in 

velocity of sound in air in cm./sec. at 100° C if 
the de^ity of air at s.x.p. is 0 001293 gm./c.c., the density of mercury 

A o?t-r* gm./c*c., the specific heat of air at constant pressure 
0-2417 and the specific heat at constant volume 01715. (L) 

10. How would you compare (a) the velocities of sound in wood 

and au and (6) the velocities of transverse and of longitudinal dis¬ 
turbances in a stretched wire? 

A stretched wire 1 m. long gives a note of frequency 2000 vibrations 
per second when stroked lengthwise with a resined leather. How is 

the ^WtiOTs™*'"® propagation along it of 

(L) 

11. Kxplam how sound waves are propagated in solids, liquids 
and gases. Describe briefly three methods of measuring the velocity 
of sound, one for each type of medium. 

12. Derive an expression for the velocity of plane sound waves 
rough a gas. Discuss the effect of (a) pressure, (6) temperature, on 

the velocity. Neglectmg end corrections, calculate the change in 

trequency of a 10 ft. open-end organ pipe when the air temperature 
changes from 5° C. to 25° C. ^ (0) 

13. Describe an experiment to find the velocity of sound in air at 
room temperature. 

A ship at sea sends out simultaneously a wireless signal above the 

water Md a somd signal through the water, the temperature of the 

water bemg 4 C. These signals are received by two stations, A and 

25 miles apart, the mtervals between the arrivals of the two 

signals bemg 16 J sec. at A md 22 sec. at B. Find the bearing from 

^ ® ship relative to AB. The velocity of sound in water at 1° C. 

= 4756 -f 1 u ft. per sec. 

H. Explain progressive waves, slationary waves. 

How would you determine the velocity of sound in a wooden or a 
metal rod. 

15. Dutinguish between progressive and stationary waves. 

Describe M experiment, based on the production of stationaiy 

waves, which shows that sound travels more slowly in carbon dioxide 

than m air at the same temperature. Show how to calculate the 

ratio of the velocities of sound m these two gases from the experi- 
mental measurements. 

16. Give an aeeoimt of the propagation of sound in the atmosphere, 

SS the effects of wind and vertical temperature 

has been measured in the open 
air and mention the chief experimental difficulties in such a deter- 
mmation. 

An organ pipe emits a fundamental note of frequency 128 seconds-* 
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at 10° C.; what will be the frequency of this note if the temperature 
rises to 21° C.? (0) 

Scholarship level. 

17. An explosive percussion signal on a rail is set off by a loco¬ 
motive passing over it. A listener 1 km. away with one ear to the 
rail hears two reports. What is the time inter\'al between them? 

(Yoimg’s modulus for steel=:2 x 10** dynes cm.~*; density of 
steel=7-8 gm. cm.“*; density of air = 00013 gm. cm.“*; ratio of 
specific heats of air= 1-4 ; 1 atmosphere= 10* dynes cm.“*) (C) 

18. How does the velocity of sound in a gas depend on temperature 
and pressure ? 

The observer in an aeroplane flying horizontally at 240 m.p.h. 
releases a bomb and hears the sound of the explosion 20 sec. after¬ 
wards. Find the height of the aircraft, neglecting air resistance. 
(Velocity of sound in air= 1100 ft./sec.) (0) 

19, Give an account of any important and characteristic wave 
phenomena which occur in sound. Why are sound waves in air 
regarded as longitudinal and not transverse ? 

An observer looking due north sees the flash of a gun four seconds 
before he records the arrival of the sound. If the temperature of 
the air is 20° C. and the wind is blowing from east to w'est with a 
velocity of 30 m.p.h., calculate the distance between the observer 
and the gun. The velocity of sound in air at 0° C- is 1,100 ft. per 
second. Why does the velocity of sound in air depend upon the 
temperature but not upon the pressure? (N) 

20, A ship travelling due north at 1 m./sec. in a thick fog fires a 
detonator in the sea alongside and receives an echo from a buoy on 
the port side 1-2 sec. later. Fifteen minutes later a repetition of the 
experiment yields the same result. What is the bearing and distance 
of the buoy ? Describe the type of apparatus you would use to make 
these measurements. 

(Velocity of sound in sea water= 1500 m./sec.) (0) 

21, An observer standing close beside an anti-aircraft gun notices 

that the shell explodes 5 sec. after it has been fired. The sound of 
the explosion reaches him 9 sec. later. If the angle of elevation of 
the gun is 46°, calculate to within the nearest hundred feet the height 
at which the shell explodes. (Velocity of sound in air= 1110 ft./sec.; 
g=32 ft. /sec. /sec.) (^) 

22. On what does the velocity of sound in a gas depend ? Explain 
fully why an organ pipo blown in hydrogen might be expected to 
have a frequency two octaves higher than when blown in oxygen. 

Calculate the velocity of sound in air which is saturated with 
water vapour at 18° C. and at a pressure of 76 cm. of mercury. 
Saturation pressure of water vapour at 18° C. = 16'5 mm. of mercury. 
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Velocity of sound in dry air at 0® C. 332 m./sec. The relative 
densities of hydrogen, water vapour, air, and oxygen under the 
same pressure and temperature conditions are 1; 9 ; 14’4 :16. The 
ratio of the two specific heats of air may be taken as unaffected by 
the moisture content. (N) 


23. Give a brief account of the evidence in support of the view 
that sound is propagated as a wave-motion through the air. What 
are the physical factors that determine the velocity of propagation 
of such waves ? 

Indicate the chief sources of error in measuring the velocity of 
sound in the open air and describe a good method of finding this 
velocity. (N) 


24. Describe a method of measuring the velocity of sound in a gas 
like hydrogen, of which only limited quantities are available. Explain 
carefully what length and what time (F = L/T) are measured in your 
method. Discuss on what properties of a gas the velocity of soimd 
depends, and draw a rough curve showing how you would expect 
the velocity of sound in a mixture of oxygen and nitrogen to depend 
upon the composition of the mixture. ( 0 ) 


25. Assuming the velocity of sound in a gas = 


adiabatic elasticity 
density 


find an expression showing how it depends on temperature and 
molecular weight of the gas. 

The planet Jupiter has an atmosphere composed principally of 
methane (CH 4 ) at a temperature of - 130® C. Estimate the velocity 
of sound on this planet, assuming the ratio of the principal specific 
heats of this gas to be 1*3. 

(i? = 8-3 joules per degree per gm. mol.) (0) 


26. Why is soimd believed to be a periodic disturbance in the 
medium through which it is transmitted? 

What characteristics of this disturbance are related to the descrip¬ 
tion of sound in everyday language? ( 0 ) 


27. Apply the method of dimensions to find an equation for the 

velocity of sound in a medium of known density and elasticity. 
What form does the relation assume in the case of a gas ? (0) 

28. Discuss the factors which may influence the velocity of sound 
in the atmosphere. 

Explain qualitatively why a noise is heard louder when a wind 
blows towards the observer, 

29. How would you show experimentally how the velocity 
sound in air depends upon (a) the pressure, ( 6 ) the temperature and 
(c) the frequency of the note ? 

An organ pipe and a piano string both emit a note of frequency 200 
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at 0° C. How many beats will there be between them at C. ? 
(Assume the frequency of the string to be independent of tempera¬ 
ture.) (0) 


CHAPTER III 

Ordinary level. 

1. Describe an experiment wliich demonstrates that soimd waves 
can be reflected. 

A ship, At is at anchor a distance of 1000 yds. from a vertical c^ 
on the shore. Another ship, R, is anchored between A and the cliff. 
When B gives a short blast on its siren the sound is heard twice at A, 
the time-interval between the arrival of the sounds being 3 secs. 
Find the distance apart of the ships. 

(The velocity of sound in air may be taken as 1100 ft. sec.”^) (L) 

2, What is an echo ? Describe how an echo may be used to deter¬ 
mine the velocity of sound in air. How would you then calculate 
the velocity of sound at 0® C. ? 

3. For each of the following statements explain one observation 
which illustrates its truth : (a) the transmission of sound through 
air is not instantaneous ; (6) the velocity of sound is independent of 
the pitch of note; (c) sound is reflected from a plane, or nearly plane, 

surface. 

What difference would you expect between the reflections from a 
wooden wall and from a padded wall ? (N) 

4, Explain the conditions required for an echo to be heard. A 

ship sounds its siren when it is 3850 ft. from a vertical cliff, taking 
the velocity of sound in air as 1100 ft. per sec., calculate how long it 
is before the echo is heard. At the moment of sounding its siren, a 
small depth charge is exploded in the sea near the ship and its echo 
from the undersea part of the cliff is heard in hydrophones on the 
ship after If sec. AVhat is the velocity of sound in water? Upon 
what factors does the velocity of soimd in air depend? (L) 

6 . In order to determine her proximity to an iceberg towards 
which she is heading with uniform velocity, a steamer sounds her 
siren once every minute. The echo of the first blast is heard after 
12 sec. and that of the second after 9 sec. Calculate the original 
distance of the steamer from the iceberg and also her velocity. (L) 

6 . How are echoes produced? JIake a careful diagram illustrat¬ 
ing how the waves from a source of sound are reflected at a plane 

surface. , , 

The observer at a certain distance from a cliff notes fhe 
interval between a sound he makes and its echo is 3 sec. He then 
walks 660 ft. nearer to the cliff and finds that the correspondmg 
interval is 2 sec. Calculate (o) the velocity of sound, (b) the observer s 
original distemce from the cliff. 
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Advanced level. 

7. Discuss the factors on which the velocity of sound in a gas 
depends. 

A man standing at one end of a closed corridor 190 ft. long blew a 
short blast on a whistle. He found that the time from the blast to 
the sixth echo was 2 sec. If the temperature was 17° C., what was 
the velocity of sound at 0° C. ? (C) 

8 . Explain the formation of echoes in terms of the behaviour of 
waves. 

Describe how the velocity of sound in either (a) air or (6) water, 
may be determined by the use of echoes. 

An observer A fires a pistol in the angle between two high walls 
at right angles to each other, and the sounds produced are heard by 
another observer B. ^ is 110 yards from one wall and 220 yards 
from the other ; B is 440 yards from each wall. Draw a diagram to 
scale {110 yards =1 inch) showing the paths of “rays” of sound 
from A to By and calculate the time-interval between the sounds 
heard by Velocity of soimd in air= 1,100 feet per second. (N) 

Scholarship level. 

9. What explanation can you give of the following : 

(а) The sound of a rifle shot is sometimes reflected from a railing 
as a musical note. 

(б) Sound can be heard abnormally large distances in foggy 

weather. • 

(c) The stringed and wind instruments of an orchestra do not 
remain in tune when the temperature of a concert hall changes. 

Describe any simple experiments the results of which support your 
explanations. (^) 


CHAPTER IV 

Ordinary level. 

1. Describe and explain the phenomenon of “ beats You are 

given two tuning forks of nearly the same frequency. Assuming that 
the frequency of one of these forks is known, how would you deter¬ 
mine that of the other? (C) 

* 

Advanced level. 

2. A brass wire and a steel wire, of the same length, diameter, and 
tension, give 5 beats per second when moimted on a sonometer and 
made to give their fundamental tones simultaneously. Calculate the 
frequencies of vibration of the two tones, given that the densities of 
brass and steel are 8-4 and 7*8 gm. per c.c. respectively. (0 and C) 

3. Two wires vibrate transversely in unison. The tension in one 
wire is increased by 1 per cent., and now, when they vibrate simul- 
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taneously, three beats are heard in 2 sec. What was the original 
frequency of vibration of the two wires? (N) 

4. Describe the formation and properties of stationary wave- 
motion. 

Describe how a resonance tube and sources of soimd of known 
frequency may be used to determine the velocity of sound in air. 
Show how the velocity at 0® C. may be calculated from the value at 
room temperature. (N) 

5. Explain the formation of beats, and deduce an expression for 
the beat frequency in terms of the frequencies of the two sources. 

Two tuning forks have nearly the same frequency. Describe care¬ 
fully how you would determine the frequency of one of them if the 
frequency of the other were known. (B) 

6 . AVhat is meant by the terms node, antinode, in respect of soimd 
waves? What are beats, and how are they produced? 

Two open organ pipes. 80 and 81 cm. long, are found to give 26 
beats in 10 seconds when each is sounding its fundamental note. Find 
the velocity of sound in air and the frequencies of the two notes. 
(End corrections may be neglected.) (C) 

7. Distinguish between progressive and stationary waves. 

Describe an experiment to illustrate the formation of stationary 

waves (with more than one loop) on a string or wire. If a copper 
wire 0193 mm. in diameter is used, what must be the tension to 
form loops 30 cm. long when the frequency of vibration of the wire 
is 64 per sec.? Give the result in gm. ivt. (The density of copper is 
8-93 gm. per c.c.) • (N) 

Scholarship level, 

8 . Explain the formation of a system of stationary waves. The 
frequency of the harmonics emitted by an organ pipe are not exact 
multiples of the fundamental frequency. What explanation can you 
give of this and how would you test your explanation experimentally ? 

( 0 ) 

9. What is meant by “stationary waves”? Illustrate your 
explanation by reference to the vibration of air in open and closed 
organ pipes. 

Indicate methods by which the frequency of a musical note could 
be determined. (U) 

10. Distinguish between progressive and stationary waves. A 
sounding organ pip© closed at one end is adjusted to resonance. 
Describe carefully the motion of the air in the pipe and the changes 
of pressure with time at various points along the pipe. 

The second overtone of a pipe closed at one end has the same 
frequency as the third overtone of a pipe open at both ends. Neglect¬ 
ing end effects, compare the lengths of the pipes. (C) 



322 


ACOUSTICS 


11. Explain the production of stationary waves. A train of sound 

waves is propagated along a wide pipe and is being reflected from an 
open end. If the amplitude of the waves is 0-002 cm., the frequency 
1000, and the wavelength 33 cm., find the amplitude of the vibration 
at a point 20 cm. from the open end inside the pipe. (C) 

12. Distinguish between progressive and stationary waves. 

Describe the motion of the air in a closed sounding organ pipe 

adjusted to resonance, and the changes of pressure with time at 
various points along the pipe. Describe some experimental evidence 
in support of your statements. (C) 

13. A vibrating tuning fork is moving steadily with a velocity of 
150 cm./sec. normally towards a wall from which the sound waves 
are reflected. If the frequency of the fork is 512 sec."^ what will be 
the frequency of the beats heard by a stationary observer who has 
just been passed by the fork? 

(Velocity of sound = 330 m./sec.) (C) 

14. Show that when two notes of frequencies /i, fz are sounded 
simultaneously beats are produced of frequency 

An air-raid siren, situated 550 ft. from the vertical face of a sharply- 
rising cliff, emits a note which rises in frequency uniformly from 0 to 
250 c./sec. in 5 sec. and then drops uniformly through the same 
range in the same time. Observers notice a beating effect which they 
attribute to reflection of the sound from the face of the cliff. Discuss 
the phenomenon, and show how you would expect the beats to vary 
in clearness and in frequency for observers in different situations. 
(Velocity of sound = 1100 ft./%ec.) (C) 


CHAPTER V 

Ordinary level. 

1. Describe a sonometer and explain how to use it to demon¬ 
strate the relation between the frequency of the note emitted by a 
stretched string sounding its fundamental note and the tension. 

A stretched steel wire emits a note of frequency 256 when vibrated 
under a certain tension. When the tension is increased by 6 kg. the 
note emitted by the wire is of frequency 384. What was the original 
tension of the wire ? (L) 

2. Explain how a sound is caxised when a violin string is bowed. 

On what factors does the pitch of the sound depend? Describe 
briefly how the vibrations are transmitted to the ear. (I^) 

3. Draw and describe briefly an apparatus suitable for studying 
the laws of vibration of strings. 

A string is timed to give a certain note. Explain how you would 
obtain the octave of this note (a) by changing the vibrating length 
only, (6) by changing the tension oiy, (c) without changing length 
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or tension. Give reasons in each case for the method you would 
use. 

4. Wliat factors determine the frequency of vibration of a 

stretched string? , . xt. x- o o 

Two wires of the same material have lengths in the ratio z : 6. 

If their diameters are the same, what must be the ratio of then- 

tensions for the shorter wire to give a note an octave higher than the 

longer ? ^ ^ 

5. Describe a sonometer and explain how you would use it to 
verify the relation between the length of the vibrating wire when at 
constant tension and the frequency of the note emitted by it. 

A wire, AB, 100 cm. long, is held taut by a constant force, and a 
bridge, C, is placed so that BC = G0 cm. When vibrated, BC emits 
a note of frequency 252 cycles per second. The bridge is now moved 
10 cm. nearer to A. What wUl be the frequencies of the notes 
emitted by the two parts of the wire when vibrated? (h) 

6 . Distinguish between (a) transverse and longitudmal waves, 
lb) progressive and stationary waves. Give an example of each t^e. 

When a certain sonometer wire is stretched by a load of mass 8 lb. 
it is found that a length of 60 cm. vibrat^ tra^versely m ^ison 
with a given source of sound. On substitutmg a load of mass 4-9 kg. 
for the 8 lb. mass a length of 70 cm. of the wire is m unison ^th the 
same source. Estimate the number of grams equivalent to 1 lb. (L) 

7. On what does the frequency of the note emitted by a stretched 

Comp^rthe frequencies of the notes emitted by two sonometer 
wires, made of the same wire, stretched by forces of 5-76 Mo^am 
weight and 4 kilogram weight respectively. What would be the effect 
on the frequencies of these wires if they were wrapped with a layer 

of very fine wire ? * ' 

8 . Describe a sonometer and explain fully how it is used to com¬ 
pare the frequencies of vibration of two tuning forks. 

A sonometer we between a fixed bridge, A, and a movable bridge, 
B 60 cm. from A, has a frequency of 360 cycles per sec. Tlirough 
what distance and in which direction must B be moved to tune the 
wire to 300 cycles per sec. ? . . ^ 

9. The frequency / of the fundamental mode of vibration of a 
transverse vibration of a string stretched by a force F is given by 


4 


length. Describe and explain how you would use this relation to 
determine a value for the frequency of a tunmg fork. Give m 
account of a method of verifymg your result, [^) 

10. Describe how you would arrange for a sonometer wire to have 
the same fundamental frequency as a given tunmg fork. With such 
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an arrangement, a sounding-fork of double the frequency placed on 
the sonometer board causes the wire to vibrate. Explain this, and 
describe the motion of the wire. (N) 

11. Explain what is meant by an overtone. How would you show 
that the overtones of a string with fixed length and tension are 
harmonic overtones. 

A thin wire 60 cm. long has a mass of 0-90 gm. and is under a 
tension of 10 kg. wt. Calculato the frequency of its second overtone 
when the wire is vibrating transversely. (L) 


Advanced level. 

12. On what factors does the frequency of vibration of a stretched 
string depend? Why is the bass string of a violin wound round 
helically with silver wire ? 

When the wire of a sonometer is 73 cm. long it is in tune with a 
certain tuning fork. On shortening the wire by 0-5 cm. it makes 
3 beats a second with the fork. What is the frequency of the fork? 

(W) 

13. Explain how you would investigate the dependence of the fre¬ 
quency of the note emitted by a plucked string on its length and 
tension, if you were provided with a sonometer and a set of standard 
forks. 

A sonometer wire is tuned to a fork of frequency 100 vibrations 
per second. When another sonometer wire of the same material, 
diameter and length is sounded with the first, three beats per second 
are heard. If the second wire gives the higher note, find the ratio of 
the tensions in the two wires. (N) 

14. Describe an experiment which wUl enable you to measure the 
ratio of the velocity of a compressional wave in a gas to the velocity 
in a solid. 

An iron bar of density 7*7 gm./c.c. and of length 100 cm., when 
clamped in the middle euid stroked, emits a note which is in resonance 
with 16-2 cm. length of a sonometer wire. A fork of frequency 
540 resonates with 72*6 cm. of the same wire imder the same tension. 
Find the frequency of the note and Young’s modulus for iron. (W) 

15. Assuming that the frequency of transverse vibration of a 
stretched string is inversely proportional to its length, describe how 
you would investigate the relation between the frequency and the 
tension. 

How would you plot your observations and what result would you 

expect? A u 

A stretched string £md an air column closed at one end Dotn 

resoxmd to a tuning fork of frequency 256 vib./sec., the vibration 
being the fundamental in both cases. State briefly the differences 
between the states of vibration of the string and the air column. 



325 


QUESTIONS 

What is the next higher frequency to which (a) the string, (b) the 
air column will resound without their dimensions or the tension being 

altered? 

16. A sonometer wire is stretched between two bridges on a large 
wooden mount. When it is plucked sharply in the middle and 
released a musical note is heard. Describe carefully and as fully as 
you can, what is happening during the sounding of this note (a) to 
the wire, (6) to the mount, (c) to the air between the mount and the 

observer’s ear. 

The length of the wire is 80 cm. and its tension is adjusted so that 
it is in unison with a fork of frequency 256 sec."* One bridge is 
accidentally displaced so that the separation becomes 80*4 cm. 
Calculate the frequency of the beats now obtained when the fork 
and the wire are sounded together and find the percentage alteration 
in the tension which would restore the pitch of the note to the 
original value. 

17. Write down expressions for the velocity of propagation along 
a stretched wire of (a) transverse waves, (6) longitudinal waves. 

Deduce one of the expressions. 

Find the ratio of the fundamental frequencies of transverse and 
longitudinal vibrations for a steel wire 1 mm. diameter, mounted on 
a sonometer and stretched by a force of 10 kilograms weight. 
(Young’s modulus for steel = 20 x 10** dynes per sq. cm.) 

Describe and explain a method of finding the velocity of 
tudinal waves in a steel rod. 1 1 

18. Describe and explain the mode of action of an electrically 
driven tuning fork or vibrator. How may such a fork or vibrator 
be used to verify the relation between the teiwion and wave-length 

of transverse waves on a stretched string or wire ? . . • 

A fine wire 600 cm. long is fixed at both ends and is under tension, 
the fundamental frequency of transverse vibration bemg 50 cycl^ 
per second. At what distance from its centre rni^t the ^*“8® he 
placed in order that four beats per second may be h^rd when both 
sections of the wire are made to vibrate transversely ? ( ) 

19. Two wires, A and B, made of the same metal, of equal lengths 
and with diameters in the ratio 7 : 4, when set into traverse vibra- 
tion give notes whose frequencies are in the ratio 4 : 6. These notes 
are brought into unison when the tension in B is chminished by 
1*6 kg. weight. Find the tension in A and the original tension 

inB. W 

20. A weight of 6 kg. suspended from the lower end of a imiform 
wire of length 1 metre and (hameter 0*36 mm. produces an exte^on 
of 2*6 mm. Find the frequency of the note emit^ when the stretehed 
wire is stroked by a resined cloth. The density of the material of 
the wire is 7*8 gm. per c.c. 
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21. A cord 5 metres long has a total mass of 245 gm. It is stretched 

with a constant tension of 1 kg. weight. If it is fixed at one end and 
shaken by hand at the other, what frequency of shaking will make 
it break up into three vibrating segments? (C) 

22. A stretched steel wire, 0*5 mm. in diameter, is supported at 
two points 30 cm. apart. \Vhat tension must be applied to make its 
lowest characteristic frequency of transverse vibration 1000 cycles 
per second? 

WTiat approximations do you make? 

(Density of steel ==7*8 gm./c.c.) (C) 

23. Two strings of the same material and of the same cross-section 

are suspended on a sonometer. One is loaded with 12 kg. and the 
other with 3 kg. The first string is tuned to the first harmonic of 
the second string. If the second string is 100 cm. in length, what is 
the length of the first string? (C) 

24. Prove that the velocity of transverse waves in a stretched 
string is (Tension/mass per unit length)*/% 

A wire is stretched between two fixed points so that its natural 
length is increased by 1 per cent, at room temperature. The coeffi¬ 
cient of linear expansion of the wire is 2*30 x 10“* per cent, per 
degree C. and the temperature coefficient of its Yoimg’s modulus is 
0*012 per cent. 

Calculate the percentage change in frequency of transverse vibra¬ 
tions when the temperature of the wire rises by 10° C. (O) 

25. Devise a method of determining experimentally the frequency 
of vibration of a stretched string. 

26. State, but do not prove, an expression for the velocity of 
waves along a stretched wire, and use it to deduce the fundamental 
frequency of vibration of a wire fixed at both ends. 

A tightly stretched wire can be used to measure the strain in a 
large girder in the following way. Its ends are fixed to two points 
A and B in the girder so that, as the girder is strained the distance 
between A and B is changed slightly. The natural frequency of the 
wire is adjusted, before straining the girder, to be the same as that 
of another similar wire mounted on unmoving supports, and when 
the strain is set up the beats between the frequencies of the two 
wires are observed. Show how, by observation of the beat frequency, 
and a knowledge of any other necessary quantities, you would deter¬ 
mine the strain set up between the two points A and B. (C) 

CHAPTER VI 

Ordinary level. 

1. What is the essential difference between a mysical note and a 
noise? What determines the (a) loudness, (6) quality, (c) pitch, of 
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a musical note? Describe one experiment by means of which the 
last of these may be found in the laboratory. (L) 

2. What is meant by (a) the frequency, (6) the wave-length, of a 
sound? 

A note of frequency 272 per sec. is sounded on a day when the 
velocity of sound in air is 1088 ft. per sec. Wiat is the wave¬ 
length ? 

Describe how you would measure the frequency of the note emitted 
by a tuning fork. (O and C) 

3. Describe some form of siren. AVhy does its operation lead to 
the production of a musical sound? Explain how (a) the pitch, 
(6) the loudness, of the note can be changed. 

If the frequency of the note is 300 vibrations per sec. and the 
velocity of sound in air is 1100 ft. per sec., calculate the wave-length 
of the sound waves produced. (N) 

4. What do you understand by (a) the frequency, (6) the ampli¬ 

tude, of a vibration ? How does a noise differ from a musical note ? 
Describe a method of finding the frequency of a note given by a 
tuning fork. (N) 

5. What are the physical characteristics which determine pitch, 
interval, and loudness, as applied to musical notes? 

Describe a method of measuring the velocity of sound through the 
open air, pointing out the sources of error and explaining how one of 
these errors may be allowed for. (C) 

6. Tw’o monochord wires are tuned approximately, but not 
exactly, to the same note. Describe and explain what you will hear 
if they are sounded together. 

When one wire is sounded alone, the note produced if it is plucked 
near one end has a different quality from the one produced if it is 
plucked in the middle. Why is this? (C) 


7. What factors determine (a) the piteh, (6) the loudness, of the 
note given out by a sounding object? Describe experiments to 
illustrate each of these factors. 

What effect on the pitch of the note given out by a stretched wire 
would be produced by (a) decreasing its length, (6) decreasing its 
tension, (c) raising its temperature? (L) 

8 . One musical note differs from another in pitch, loudness and 
quality. Explain the meaning of these characteristics of a musical 
note, giving experimental evidence to illustrate your explanation. (L) 

9. A piano and a violin string are tuned and middle C is played 

on both instruments. In what respect may the notes differ and in 
what respect may they agree? Explain carefully the meanings of 
the terms you use. (L) 
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10. Explain why the motion of a source of sound affects its pitch 
as heard by a stationary observer. How can the phenomenon be 
demonstrated in the classroom? 

What is the velocity of the source along the line joining the source 
to the observer if, as a result of the motion, the frequency of the note 
heard is (a) increased in the ratio 16 : 15, (6) decreased in the ratio 
15 : 16? Assume the velocity of sound in air is 1,120 ft. per sec. and 
give the results in feet per second. 

Derive any formula employed. (N) 

11. Derive expressions showing how the apparent frequency of a 

note heard by an observer is affected by (a) motion of the source, 
(6) motion of the observer, in each instance the motion being along 
the line of propagation of soimd. A motor-car is fitted with twin 
horns differing in frequency by 256 vibrations per second. Calculate 
the difference of frequencies of the notes heard by an observer when 
the car, sounding its horns, is approaching him at 40 m.p.h. Velocity 
of sound is 1,120 feet per second. (N) 

12. (a) As two trains are approaching each other, one travelling 
at 50 m.p.h. and the other at 30 m.p.h., the whistle of the former is 
sounded. The frequency of the whistle is 500 per second. Explain 
why the driver of the other train hears a note of different frequency 
and calculate its value. Would this be altered if the speeds of the 
trains were interchanged ? 

Velocity of soimd in air= 1,120 feet per second, 

{h) How has the analogous effect in light been used in astronomy ? 

(N) 

13. Give a general accoimt of the Doppler effect, with examples 
in sound. Consider the bearing which the velocity of the wind may 
have on the effect. 

A plane is travelling horizontally in a straight line in still air with 
a velocity of 400 ft. per sec. Find the percentage difference between 
the frequency of the sound heard by an observer on the ground at 
the instant when he sees the plane vertically overhead and the true 
frequency. 

Assume the velocity of sound in air to be 1,120 feet per second. (N) 

14. Explain the effect of the motion of the source and of the 
observer on the apparent pitch of a note. 

An express train blowing its whistle travels through a station, and 
an observer standing on the platform notices that as the engine 
passes him the drop in pitch of the whistle corresponds to an interval 
of 6/5. What is the speed of the train ? (Speed of sound in air= 1,100 
ft. per sec.) 

15. Explain why the note emitted by a closed organ pipe differs 
in quality from that of a note emitted by (a) an open pipe, (6) a 
violin. 
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The fundamental note emitted by a stretched string vibrating 
transversely between two bridges 60 cm. apart is in unision with that 
of an organ pipe when the temperature is 12° C. Find approximately 
the change in length between the bridges necessary to restore unison 
when the temperatiure of the air in the pipe rises to 20° C.» the tension 
in the wire remaining unaltered. (N) 

Scholarship level. 

16. Give an account of the formation of beats and deduce an 
expression for the frequency of the beats in terms of the frequencies 
of the sources. 

Two trains approach one another along the same line, each mov¬ 
ing with a velocity of 10 ft. per sec. A whistle of frequency 250 per 
sec. is sounded on each train. Find the frequency of the beats 
between the two sources as heard by an observer on either train. (C) 

17. Explain what is meant by the Doppler effect and obtain an 
accurate expression for it when an observer is moving towards or 
away from a fixed source. 

An object is dropped from an aeroplane travelling horizontally in 
a straight line with a velocity of 250 kilometres per hour at a height 
of 5 kilometres. Immediately the object strikes the ground a hooter 
near the place where it strikes is sounded and emits a note of fre¬ 
quency 300 vibrations per sec. Neglecting effects due to air resist¬ 
ance, calculate the time that elapses between the moment the object 
leaves the aeroplane and that at which the pilot first hears the 
hooter, and also the initial frequency of the note heard. 

(gf = 980 cm. 80 C.“S Velocity of sound in air = 330 m./sec.) (C) 

18. A source emitting soimd of natural frequency n moves in a 
straight line I with constant velocity v. A stationary observer is at 
a point not on the line. Prove that, to him, the apparent frequency 
at any instant is nc/(c - v cos $)y where c is the velocity of sound and 
0 the angle between I and the lino joining observer and source. 

Calculate the rate of change of frequency at this instant and show 
that if the source passes close to the observer he will notice a sudden 
drop of pitch. (0) 

19. A man is standing beside a railway line observing the whistle 
of a passing train. The whistle, which has a natural frequency of 
1000 cycles/sec., suffers an apparent change of frequency of 100 
cycles/sec. as it passes the observer. What is the speed of the train? 

(Velocity of sound = 1100 ft./sec.) (C) 

20. A source of sound gives out waves of frequency n. Discuss 
the effect of motion (a) of the source, (6) of the observer, (c) of both 
the source and the observer, on the frequency of the sound as heard 
by the observer. The motion in each case may be assumed to be 
along the line joining the source and observer. 

A train is moving with uniform velocity v on a straight track 

Y2 



ACOUSTICS 


330 

between two bridges A and B over the track, the motion being 
towards A, An observer on the train hears the echo of the train’s 
whistle reflected from each of the bridges. If the velocity of sound 
is Vy find the ratio of the wave-lengths of the waves reflected from 
A and B and the ratio of the frequencies of the echoes heard by the 
observer. (0) 

21. Give an account of the Doppler effect in soimd and light. 

A man directs a beam of sound of frequency 12,000 cycles/sec. at 
an approaching motor car. He listens to the beats between the 
reflected sound and that emitted. What is the frequency of these 
beats if the car is travelling at 30 m.p.h. (44 ft./sec.)? (C) 

22. Obtain the formula for the Doppler effect when the source is 
moving with respect to a stationary observer. Give examples of the 
effect in sound and light. 

A whistle giving out 500 vibrations per sec. moves away from a 
stationary observer in a direction towards, and perpendiciilar to, a 
flat wall with a velocity of 5 ft./sec. How many beats per second 
will be heard by the observer? (Take the velocity of sound as 
1,120 ft./sec. and assume there is no wind. (C) 

23. How does the frequency of the soimd received by a stationary 
observer depend on the motion of the source of the sound ? 

What is the effect if both source and receiver are in motion ? 

Two cars are approaching one another along two straight roads 
at right angles. Both cars are travelling at 30 miles/hr. and car A 
emits a note of frequency 256 vibrations/sec. 

Determine the frequency of the sound heard by an observer in 
car B when the line joining the two cars makes an angle of 46® to 
the two roads. 

(Assume that the velocity of sound in still air= 1,142 ft./sec.) (B) 

24. What do you understand by the Doppler effect? 

A whistle of 1,000 cycles/sec. pitch is attached to one end of a 
light tube 2 ft. long so that it can be sounded while the tube is rotat¬ 
ing freely in a vertical plane about a horizontal axis through the 
other end. If the velocity of the whistle when the tube is horizontal 
is 16 ft./sec., find the upper and lower limits of the pitch of the 
sound heard by an observer on the ground viewing the motion end-on. 

(Velocity of sound = 1,120 ft./sec.) (0) 

25. What do you understand by the Doppler effect? A seaplane 
flying at 300 m.p.h. close to the sea passes an observer a quarter of a 
mile off. Find the direction from which the observer will hear the ' 
sound when the seaplane is nearest to him and show how the pitch 
of the sound will vary as it passes him. 

(Velocity of soimd is 1,100 ft./sec.) (O) 

26. Discuss pitch and tone in music from the standpoint of physics, 

illustrating your discussion by an analysis of the sound produced by 
at least three musical instruments. (^) 
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• 27. Notes of tlie same frequency produced by different musical 
instri^ents are said to be of different quality. Give a physical 
description of this difference and say how it cnuld bo investigated 
experimentally. (0) 


CHAPTER Vin 

Ordinary level. 

1. Explain what is meant by resonance in sound. 

A vibrating tuning fork is held just above the top of a tall narrow 
jar full of water. The water is gradually run out of the jar and when 
the length of the air column above the water is 33 cm., the column 
is found to resound loudly. Describe carefully the state of disturb¬ 
ance of the air at different points in the column under these condi¬ 
tions. 


Given that the velocity 
calculate the frequency of 
for the diameter of the jar. 


of sound in air is 33,800 cm. per sec., 
the tuning fork. Ignore any correction 

(C) 


2. A long vertical brass tube, open at the top, contains water 
the level of which can be adjusted. Explain carefully how the air in 
the tube can be set into resonant vibration by means of a tuning fork. 

When a fork of frequency 512 is sounded, the difference in level of 
the water between two successive positions of resonance is found to 
be 33 cm. What is the velocity of sound in air? (N) 


3, Describe how you would use an air column of variable length 
to compare the frequencies of the tuning forks. 

If an air column 13-2 cm. long, closed at one end, resounds to a 
tuning fork of frequency 256, what is (a) the wave-length of the note 
emitted by the fork, and (6) the velocity of sound in air at the tempera¬ 
ture of the experiment? (N) 

4. Being provided with a resonance tube, a tall gas-jar full of 
water, and a tuning fork of frequency 512 cycles per sec., how would 
you determine the frequency of an unmarked tuning fork? 

A resonance box is to be made for use with a tuning fork of fre¬ 
quency 439 cycles per sec. when the velocity of sound in air is 341 
metres per sec. What must be approximately the shortest length of 
the box if it is to be closed at one end? (L) 


5. Explain the phenomenon of the resonance tube. A vertical 
tube, 1 metre long, is filled with water which is allowed to nm out 
gradually from the bottom. For how many positions of the water 
surface will it be possible to obtain resonance with a tuning fork of 
frequency 612? 

(The velocity of soimd may be taken as 330 metres per sec.) (C) 

6. What is meant by the wave-length of a note sounded in air? 
Explain how it is affected by (a) an increase in the frequency of the 
note, (6) a rise in temperature of the air. 
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Describe how you would determine the frequency of a tuning fork 
from observations of the resonance of an air column, the velocity of 
soimd in air being known. (N) 

7. What is meant by resonance in the theory of soimd? 

Using sketches where appropriate describe ; 

(а) a mechanical experiment which illustrates your explanation of 

resonance; 

(б) an experiment with a stringed instrument (for example, sono¬ 

meter or piano) in which resonance is demonstrated ; and 
(c) an experiment in which a column of air shows the phenomenon 


of resonance. 
Name one musical 
demonstrated in (c). 


instrument which makes use of the effect 

(N) 


8. A tuning fork is sometimes moimted on a resonance box. 
Explain the action of the box. 

The boxes of two simdar forks mounted in this way are placed in 
line with the open ends together. One of the forks is set into vibra¬ 
tion and then stopped. Explain why the soimd still persists. 

What happens if the end of one fork is loaded with wax and both 
forks are then sounded together? (^) 

9. What do you imderstand by resonance? Describe experiments 

you would make in the laboratory to show imder wliat conditions 
resonance occurs. part) 

10. Explain what is meant by resonance, giving two examples. 

Calculate approximately the length of the resonance box, closed 
at one end, suitable for a tuning fork of frequency 384. The velocity 
of sound in air may be taken as 1,120 ft. per sec. (D) 


Advanced level. 

11. What is meant by the term resonance in sound ? Give examples 
of its application in musical instruments. Describe in particular the 
operation of an organ-pipe, and explain why an open pipe has a 
fundamental frequency which is approximately twice that of a closed 


pipe of the same length. 

Discuss the use of a sounding-board in a piano. Does it make iwe 
of resonance effects? (O an ) 

12. Distinguish between free, forced, and resonant vibrations, giv¬ 
ing one example of each. . r i ^ a 

A student, performing an experiment with a tunmg fork 

resonance tube closed at one end, obtained resonance when the l^gtn 
of the air column was 49-6 cm. and again when it was 82-9 cm. Goim 
ment on these results and calculate the frequency of the tunmg mrk 
if the temperature of the air was 16° C. and the velocity of 
air at 0° C. is 33,160 cm. per sec. 

13. Give an account of the modes of vibration of open and closed 
columns of air. A pop-gun consists of a cylindrical barrel 3 sq. cm. 
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in cross-section closed at one end by a cork and having a well-fitting 
piston at the other. If the piston is pushed slowly in, the cork is 
finally ejected, giving a “ pop ” the frequency of which is found to 
be 512. Assuming that the initial distance between the cork and 
the piston was 25 cm. and that there is no leakage of air, calculate 
the force required to eject the cork. (The atmospheric pressure may 
be taken as 1 kgm. per sq. cm. and the velocity of sound in air as 
340 metres per second.) (C) 

14. Explain what is meant by “ resonance ”, illustrating your 
answer with one mechanical and one acoustical example. 

How may the frequency of a tuning fork be found by a resonance 
tube method when the velocity of sound in air at 0° C. is known ? 
Discuss briefly how the observations and the final result would be 
affected by a rise in temperature. (N) 

15. Describe and explain how, being provided with a tuning fork 
of known frequency, you would determine the velocity of sound in 
air at O'* C. 

An expression for the velocity of sound in a gas was first obtained 
by Newton. Later on his expression was modified by Laplace. 
How was Newton’s expression defective and how did Laplace 
correct it? (N) 

16. How would you determine the velocity of sound in air by 
means of a vertical tube which is partly filled with water? 

It is found that the shortest length of such a tube, with its upper 
end partly obstructed, which will resound to frequencies of 200, 300, 
400 and 600 vibrations per second are 37-50, 23*67 and 9*83 cm. 
respectively. Show that these results may be represented by a 
linear graph. Determine from the graph, or otherwise, the velocity 
of sound in air and the end correction for the tube. (L) 

17. Write an essay on resonance, illustrating your answer by 

examples from various branches of physics. (N) 


18. Explain the meaning of the term resonance, giving in illustra¬ 
tion two methods of obtaining resonance between the stretched 
string of a sonometer and a tuning fork of fixed frequency. A sono¬ 
meter wire of length 76 cm. is maintained under a tension of 4 kg. 
weight and an alternating current is passed through the wire. A 
horse-shoe magnet is placed with its poles above and below the wire 
at its mid-point, and the resultant forces sot the wire in resonant 
vibration. If the density of the material of the wire is 8*8 gm. per c.c. 
and the diameter of the wire is 1 mm., what is the frequency of the 
alternating current? (L) 


19. Explain the phenomenon of resonance, and illustrate your 
answer by reference to the resonance tube experiment. In such an 
experimeril with a resonance tube the first two successive positions 
of resonance occxured when the lengths of their columns were 16*4 
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and 48-6 cm. respectively. If the velocity of sound in the air at the 
time of the experiment was 34,000 cm./sec., calculate the frequency 
of the source employed and the value of the end correction for the 
resonance tube. If the air column is further increased in length, 
what will be the length when the next resonance occurs? (W) 

20. Describe the way in which the air layers in different parts of 
an open organ pipe are vibrating when the pipe is sounding its funda¬ 
mental note. Vi^at other modes of vibration are possible for this 
pipe? 

An open organ pipe in which the air is at a temperatiu*e of 15® C. 
and a sonometer wire of frequency 512 vib./sec., when sounded 
together, give 5 beats/sec., the organ pipe emitting its fundamental 
note. If a slight reduction in the tension of the sonometer wire pro¬ 
duces unison between the two notes, what change in the temperature 
of the air in the organ pipe would have produced unison with the 
original frequency of the sonometer wire? (W) 

21. Explain in general how stationary undulation is produced and 
state the features of this kind of motion. 

A resonance tube has a jagged end and it is used to find the velocity 
of sound in air. A tuning fork of frequency 250 causes it to resound 
when it is filled with water to a mark 28 cm. below a reference mark 
near the open jagged end. A fork of frequency 500 causes resonance 
when the water reaches a mark 11J cm. below the reference mark. 
Both these resounding lengths are the shortest possible with these 
forks. Find the velocity of sound from these results and also the 
position of the antinode at the upper end in relation to the mark. (L) 

22. Distinguish carefully between progressive and stationary 
waves and explain the terms node and antinode. 

How would you demonstrate the existence of nodes and antinodes 
in an open organ pipe sounding its first overtone? 

The shortest len^h of a resonance tube closed at one end which 
resounds to a fork of frequency 256 is 32-0 cm. The corresponding 
length for a fork of frequency 384 is 20*8 cm. Calculate the end 
correction for the tube and the velocity of sound in air. (N) 


Scholarship level. 

23. Describe what experiments you would perfonn to find the 
frequency of an organ pipe. 

An open organ pipe of length I stands close to a second organ pipe 
of the same diameter which is longer by a small amount x. When 
both pipes are sounded, show that the number of beats per second 

is approximately —, where V is the velocity of sound in air. (O) 

MV 

24. Describe a manometric flame, and the mode of app! 5 dng it to 
investigate the condition of the air in a sounding pipe. 
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Show that the timbres of two pipes, the one open and the other 
closed, which sound the fundamental, are necessarily different. (O) 

25. The note which is emitted when the cork is rapidly withdrawn 
from an empty bottle is due to the air in the neck acting as a piston 
to the air in the bottle itself, which contracts and expands adia- 
batically as a whole. 

Find the note at n.t.p. emitted from a Winchester quart bottle 
(2J litres) the length and diameter of whose neck are each 2 cm. 

“ Density of air at n.t.p. - 1-293 gm. per litre. 

One atmosphere= 10* dynes per sq, cm. y= 1*41. (0) 

26. Wliat are the resonance frequencies of the air in a narrow pipe 
one metre long open at both ends at 20® C. and 740 mm. of mercury? 

(Ratio of specific heats of air= 1-4. 

Density of air at n.t.p. = 0 0013 gm./c.c 

Density of mercury = 13*6 gm./c.c. 

Value of =981 cm./sec.*) ^ (C) 


CHAPTER X 


Ordinary level. 

1. A cog-wheel liaving 25 teeth is rotated 3 times per sec., and 

a thin strip of metal is fixed so that it is struck by the cogs. Assum¬ 
ing that the velocity of sound is 33,150 cm. per sec., what is the 
wave-length of the note emitted ? (O) 

2. Describe a method of measuring directly the frequency of 
vibration of a tuning fork. (A value for the velocity of sound in air 

must not be assumed.) 

A fork of unknown frequency gives 3 beats per second^ when 
sounded with another of frequency 256 cycles sec."* The fork is then 
loaded with a piece of wax and it again gives 3 beats per second 
when both forks are sounded together. Account for this result. (L) 


3. What is the meaning of the terms frequency and wave-length 
as applied to sound? Describe an experiment you would make to 

compare the frequencies of two tuning forks. 

If the wave-length of soimd is 4 ft. and the velocity of sound m 

air is 1100 ft. per sec., what is the frequency? (1^) 


4. Describe the dropping-plate method for determining the 
absolute pitch of a tuning fork. In a particular experiment the plate 
dropped from rest through a distance of 5 cm., and while it w^ 
dropping through the next 15 cm. 25 vibrations were made by the 
fork. Calculate the frequency of the fork. ( ) 


5. Give an account of some method of determining the frequency 
of a tuning fork, and show how the result would be obtained from 

the observations made. , , , 

Two tuning forks have frequencies 256 cycles sec."* and 252 cycles 
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sec.~^ Describe and explain what is heard when the two forks are 
soxinded together. (L) 

6. Define frequency. What are the factors which control the fre¬ 
quency of the note emitted by a sonometer wire when this is plucked 
or bowed ? 

Describe and explain a method of comparing the frequencies of 
two tuning forks. (L) 

7. What do you understand by frequency of a tuning fork? 
Describe an experiment to determine its value. 

If the velocity of sound in air is 1,100 ft. per sec., what is the wave¬ 
length of the sound emitted by a fork of frequency 256 ? How would 
the value be affected by a rise of temperature? (L) 

Advanced level. 

8. Describe and explain the determination of frequency by (i) 
Kundt’s tube method, (ii) the dropping plate method, and give an 
indication of the frequencies for which each method is suitable. 

In what respects do musical tones differ from one another, and 
what is the physical explanation of such differences? (N) 

9. How does the pitch of a note emitted by a stretched string 
depend upon (a) the stretching force, (6) the length of the string, 
(c) the mass of the string per unit length ? 

Describe experiments which coxild be made with a sonometer to 
test the truth of your statements. 

How would you cause a stretched wire to emit its different har¬ 
monic overtones? (O and C) 

10. One end of a long thin wire is attached to the prong of a 
tuning fork. The other end passes over a pulley and is attached to 
a weight Draw a diagram of the apparatus and discuss briefly the 
ways in which the wire may vibrate with the same frequency as the 
fork when the load is varied. 

If the weight is 250 gm., eight segments are formed in 420 cm. 
length of the wire. If the mass of this length is 1*8 gm., what is the 
frequency of the fork? (L) 

11. Assuming the expression for the velocity of transverse waves 

It 

on a stretched string, viz. , where T is the tension in the 

V m 

string and m the mass per unit length, deduce the relation for the 
fimdamental frequency of transverse vibrations of a string fixed at 
both ends. 

Describe how you would investigate experimentally the relation 
between frequency and tension. 

Two identical wires A and B are attached to a sonometer and are 
stretched by nearly equal weights, the vibrating length being in each 
case 100 cm. A has a frequency of 104 and B is loaded with 10 kilos. 
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When both wires vibrate, four beats are heard per second. How 
would you determine, experimentally, which wire has tlie higher 
frequency ? If A has the higher frequency, what change must be 
made m (i) the tension, (ii) the length of 5 in order that the wires 
may vibrate in unison ? / 


12. Describe the phenomenon of beats and show that the beat 
frequency is the difference of the frequencies of the tones producing 
the beats. Describe one quantitative use of the phenomenon. 

A certain fork is found to give two beats per second when sounded 
in conjunction with a stretched string vibrating transversely under 
a tension of either 10*2 or 9*9 kgm. wt. Calculate the frequency of 
the fork. 


13. Describe in detail how to determine the frequency of a tuning 
fork by the falling plate method. 

Describe how the frequency of an alternating current, such as that 
from the a.c. mains, may be determined with a sonometer. (N) 


14. Describe a laboratory apparatus for investigating the laws of 
vibration of stretched strings, and give an account of its use. Explain 
the fact that the same string under precisely the same physical con¬ 
ations may emit sounds of different quality, according to the manner 
in which it is brought into vibration. 

Two notes on a piano are four octaves apart. If the lower note is 
given by a wire 135 cm. long and the higher by a wire 40 cm. long, 
and if the tensions are the same, calculate the relative mass of each 
wire per unit length. (W) 


15, It is foxind that when the length I and the tension T of a string 
are varied so as to keep the frequency of transverse vibration of the 
string constant, TIP is constant, p being a numerical index. Describe 
how you would verify the result. 

Two wires A and 5, made of the same metal, of equal lengths and 
^th diameters in the ratio 7 : 4, when set into transverse vibration 
give notes whose frequencies are in the ratio 4 : 5. These notes are 
brought into imison when the tension in B is diminished by 1*5 kg. wt. 
Find the tension in A and the original tension in S. (N) 


Scholarship level, 

16. Describe in detail the stroboscopic method of detennining the 
frequency of vibration of a tuning fork. Outline two other methods 
which are available for measuring the frequency and discuss the 
respective merits of all the methods you have described. 

An outer ring of 12 dots and sin inner ring of 8 dots, all imiformly 
spaced, are painted on a disc which can be rotated about its axis 
and which is viewed stroboscopically by means of a timing fork of 
frequency 100 vibrations per second, the disc being seen once in each 
vibration of the fork. Calculate the minimum rate at which the disc 
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must be rotated so that the outer ring shall appear at rest with the 
normal spacing between the dots. 

The disc is then speeded up until both rings appear to be at rest. 
Determine the rate of revolution when this first occurs and describe 
and accoimt for any peculiarity in the appearance of the outer ring. 
Mention some other application of the stroboscope principle. (N) 


IVnSCELLANEOUS QUESTIONS 

Ordinary level, 

1. Describe an experiment to show that sound does not travel 

through a vacuum. A normal human ear responds to sound waves 
with wave-lengths ranging from 10 metres to 0-02 metre. Assuming 
the velocity of sound in air to be 340 metres sec.**, calculate (a) the 
frequencies corresponding with these limiting wave-lengths, (6) a 
value for the number of octaves in the range of audibility. (L) 

2. Describe how the velocity of soxmd in air can be measured. 

What is the wave-length in air of a soimd with a frequency 400 

when the velocity of soxmd is 1,100 feet per second? 

Two notes of frequency 266 and 268 are sounding simultaneously 
Describe and explain what you hear. (C) 

3. Describe how the velocity of sound in air may be determined 
without the use of a resonance tube. 

The distance in miles of a lightning flash from an observer may be 
found approximately by counting the number of human pulse beats 
between the lightning flash and the thiinder-clap and dividing the 
number by 6. Justify this rule, assuming that the human pulse 
beats 76 times per minute and that the velocity of soxmd is 1080 ft. 
per sec. (C) 

4. Explain briefly how echoes arise. A man standing before a 

high cliff fires a gun and hears the echo from the cliff 1*6 sec. later. 
If the velocity of sound in air is 1100 ft./sec., what is his distance 
from the cliff? (O and C)^ 

5. Explain how the frequency of a vibrating string depends on 
(o) its length, (6) its tension. 

Describe fully an experiment or experiments which would enable 
you to prove your statements correct. Give a drawing of the 
apparatus you would use. (0) 

6. A musical sound can be made by blowing across the top of a 

tube. If you had eight equal test tubes, how would you use them 
to form an octave scale? (L, part) 

7. The disc of a siren has 30 holes and makes 1200 revs, per min. 
Find a value for the shortest length of a closed pipe which, at a 
temperature of 0° C., will respond to the note of the siren. How 
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will this length change when the temperature rises to 27° C. ? (The 
velocity of sound in air at 0° C. may be taken as 331 metres sec."^) 

(L) 

8. Assuming that the velocities of sound in air and carbon dioxide 

at room temperature are 340 m. sec.”^ and 266 m. sec.“^ respectively, 
find the approximate frequency of the fundamental tone produced 
by (a) a tube of length 64*2 cm. open at both ends and containing 
air, (6) a tube of length 25 0 cm. closed at the lower end and con¬ 
taining carbon dioxide. Describe what would be heard if the gases 
in both tubes were in vibration simultaneously. (L) 

9. What is meant by an echo and what conditions are necessary 
for its production? Give a practical application of the use of echoes. 

What is one possible cause of the poor acoustical properties of many 
public halls and what steps could be taken to rectify it ? (L) 

10. How may a single stretched wire be used to compare the fre¬ 

quencies of two tuning forks? A thin iron wire is stretched with a 
known load and a len^h I is found to emit a note in unison with the 
note of a tuning fork. What length of iron wire of half the diameter 
will be in unison with the same fork when the thinner wire is stretched 
with a load equal to half that used on the first wire ? (L) 

11. Describe and explain an experiment to find the frequency of 

a tuning fork, using a long glass tube of variable length open at both 
ends. What difference would be made in the calculation of the 
result if the tube were closed at one end? (L) 

12. Describe and explain what is heard when a bottle is filled 

with water from a tap. (L) 


Advanced level. 

13. State briefly how you would show by experiment that the 
characteristics of the transmission of soimd are such that (a) a finite 
time is necessary for transmission, (6) a material medium is necessary 
for propagation, (c) the disturbance may be reflected and refracted. 

The wave-length of the note emitted by a tuning fork, frequency 
612 vibrations per second, in air at 17° C. is 66*5 cm. If the density 
of air at s.t.p. is 1'293 gm. per litre, calculate the ratio of the two 
principal specific heats of air. Assume the density of mercury is 
13*6 gm. per c.c. 

14. What factors determine the velocity of sound (a) m a gas, 

(6) in a stretched string? Given that the ratio of the specific heats 
of oxygen at constant pressure and constant volume is 1*40 and the 
gas constant is 2*62 x 10® ergs per gram per degree C., find the 
velocity of sound in oxygen at 27° C. (C) 

15. (a) Dxplain Huyghen’s construction for the propagation of 
waves in a medium and use it to show that a bullet travelling through 
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air with a uniform velocity m, greater than that of sound v, gives 
rise to a conical wave having the bullet at its apex and a semi¬ 
vertical angle sin”^ v/u. 

(6) Give a brief account and explanation of the audibility of 
sounds over great distances. 

16. Give an account of an experiment by which acoustic beats of 
adjustable frequency can be produced. Show how the beats are 
related to the frequencies of the oscillations from which they are 
formed. Give a diagram to show how the beats are produced and 
how their wave-form is related to that of the waves which produce 

them. 

17. Explain the terms “frequency”, “wave-length”, “ampli¬ 
tude ”, and “ phase ”, as applied to wave-motion. 

A long imiform rod of circular section is clamped at its centre and 
is caused to vibrate longitudinally by stroking with a resined cloth. 
Describe in detail how you would determine the frequency of the 
note emitted by the rod, assuming that the velocity of soimd in air 
at 0° C. is known. 

Explain the effect on the frequency of reducing the length of the 
rod to half its original value. (N) 

18. Discuss the terms “ intensity ” and “ loudness ” as applied to 
sound. 

A concert hall has a domed ceiling which is a portion of a sphere 
whose centre of curvature is at floor level. Assuming the source of 
soxmd to be at this level, explain why, from an acoustical standpoint, 
the design is not good and would be much improved by doubling the 
radius of curvature of the dome without altering its maximum height 

above the floor. 

Explain why the acoustical properties of a concert hall may vary 
with the size of the audience. (N) 


19. Theory shows that the fundamental frequency n of transverse 
vibration of a stretched string of length I, radius r, tension T and 

A (T • 

density p is given by n = —fJ-f where ^ is a constant. Describe how 

TL T p 

you would use a sonometer and tuning forks of known frequency to 
verify this relationship. (G and C, part) 

20. Describe and explain the way in which a Kimdt tube may be 
used to determine the ratio of the specific heats of a gas. A Kundt 
tube is excited by a brass rod 150 cm. long and the distance between 
successive nodes in the tube is 13-6 cm.; what is the ratio of the 
velocity of sound in brass to that in air? 

21. Write a short essay on methods of recording and reproducing 

soxmd. ' 
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Scholarship level, 

22. What is meant by reverberation and reverberation time? 

What factors determine the reverberation time of a concert hall 

and why does the magnitude of this time affect the suitability of the 
hall for speech and music ? 

Indicate briefly other aspects of the hall which affect its acoustical 
quality. (N) 

23. Give an account of the factors which affect the audibility of 

distant sounds. (C) 

24. Give a short account of the conditions affecting the propaga¬ 
tion of sounds in the atmosphere. (C) 

25. Give an account of the behaviour of sound waves of audible 
frequency in air, illustrating your answer by everyday phenomena. 

(C) 

26. Write a short essay on gramophones. (0) 

27. Write a short essay on “ The Acoustics of Buildings (O) 

28. What is meant by saying that a room has “ good ” or “ bad ” 

acoustical properties ? Illustrate your answer by reference to a room 
with which you are familiar. (0) 


29. Explain why : 

(а) A wind instrument rises in pitch when warmed. 

(б) The whistle of an approaching engine appears to have a higher 
pitch than the same whistle receding. 

(c) There is a difference in tone between different types of musical 

instruments. 

Suggest an experiment to test the correctness of your explanation 
in each case. (U) 
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CHAP. 

I. 

7. 

2*4 sec. 

10. 0*242 erg. 


II. 

1. 

miles. 

3. (6) 4 sec., (c) 200 ft. 

4. l-g'* miles. 


6. 

1158 ft. per sec. 

7. 600 metres 

8. 2 ft. per sec. 


9. 

38,830 cm./sec. 

10. 4 X 10® cm./sec. 

12. 2 vib./sec. 


13. 53® 8'. 16. 130-4 c.p.s. 17. 2-85 sec. 18. 4,200 ft. 

19. 4,554 ft. 20. 900 m.; 24® from second position. 

21. 6,900 ft. 22. 344 m./sec. 

25. 31 X 10* cm./sec. 29. 10-7. 


III. 1. 450 yd. 4. 7 sec.; 4,900 ft./sec. 

5. 2,200 yd.; 18-75 m.p.h. 6. (a) 1,100 ft./sec. ; (6) 550 yd. 
7. 1,100 ft./sec. 8. 0-533, 0-397, 0-331 sec. 


IV. 2. Brass 131-6 sec.“^, steel 136-6 sec.”^ 3. 300 sec.'^ 

6. 33,700 cm. sec."^; 208 c.p.s.; 210-6 c.p.s. 7. 39-2 gm. wt. 
10. Open pipe twice length of closed one. 11. 0-00317 cm. 

13. 4-4 sec.”' 




1. 4 kgm. 4. 16:9. 5. 216, 504 c.p.s. 6. 450 gm. 

7. 1*2': 1. 8. 12 cm. away from ^1. 11. 639-3 c.p.s. 

12. 435 c.p.3. 13. 1 : 1*061. 

14. 2,420 c.p.s., 1*8 X 10'® dynes cm,”® 

15. String 512 c.p.s. (damped in middle); 768 c.p.s. (plucked in 
middle). Air column : 768 c.p.s. 

16. 1*3, 1%. 17. 1 : 40. 18. 4-8 cm. 

19. 4J kgm. wt., 8i kgm. wt. 20. 4,961 sec.”'. 

21, 4*25 sec,”'. 22. 66-2 kgm. wt. 23. Also 100 cm. 


24. 3-35%, 

2. 4 ft. 3. 3-1 ft. 10. (o) 74f ft. sec.”', (6) 70 ft. sec.”' 11. 269. 
12. 656-2 c.p.s., 554-6 c.p.s. 13. 14*6%. 

16. 4*6 sec.”' 

19. 56 ft. sec.”' 


14. 100 ft. sec. 


-1 


15. 7 mm. decrease. 

17. 50*63 sec., 262-5 c.p.s. 


on (V-i-v)® 

Xb V+v^nB (K-w)* 

22. 4i beats sec.”' 


21. 960 c.p.s. 


23. 270 c.p.s. 


24. Either 1,018 and 990 c.p.s.; or 1,010 and 983 c.p.s. 


25. sin”' f. 
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CHAP. 

Vni. 1. 266 c.p.3. 2. 337*9 metres/sec. 

3. (a) 62-8 cm,. (6) 135*2 metres/sec. 4. 19*4 cm. 

5. 3 10. 9*7 in. 12. 510 c.p.s. 13. 1*62 kgm. 

16. 332 metres/sec. 18. 49*6 c.p.s. 

19. 527 o.p.s.. 1-2 cm,, 81*8 cm. 20. 5*7° C. 

21. 330 metres/sec.; 5 cm. above mark. 

22. 1*6 om.. 344 metres/sec. 25. 131-7 c.p.s. 

26. 171 c.p.s. X 1, 2, 3 ... 

X. 1, 442 cm. 3. 275 c.p.s. 4. 247*6 c.p.s. 7. 4*3 ft. 

10. 72 c.p.s. 11. (i) 0*82 kgm. increase, (ii) 3*8 cm. decrease. 
12. 264-2 c.p.s. 14. 2-2: 1. 

15. .4=8 kgm. wt., B = 4 kgm. wt. 

16. 8J^ rev. sec.”^, 12i rev. sec.”', 24 dots seen on outer ring. 


MISCELLANEOUS QUESTIONS 

1. (a) 34 and 17,000 c.p.s., (6) 9 (approx.). 2. 2-78 ft. 

4. 880 ft. 7. 13*79 cm.; new length 14*45 cm. 

8. (o) 266 c.p.s. (approx.), (6) 266 c.p.s. (approx.), 1 beat sec.”'. 

10. ^/^. 13. 1-39. 14. 332 metres/sec. 20. 11*0:1. 
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Absorbent materials, 280 et seq. 
Absorption, coefficient of, 274 
Acoustic mine, 268 
Acoustics of buildings, 211 et seq. 
Acoustic strain gauge, 106 
Aeolian harp, 119 
tones, 119 
Aircraft noises, 303 
Antinodes, 96 
“ Asdic ” detector, 270 
Aural harmonics, 20 

Baffle plate, 60 
Baffled microphone, 193 
Beam of sound, 49 
Beats, 86, 205 
Bells, 189 
Biot, 44 

Binaural audition, 22, 251 
Blackburn’s pendulum, 138 
Blaikley, 40 
Boys resonator, 132 
Broadcasting studios, 282 
Broca tube, 255 
Bubble effect, 47 

Cathode ray oscillogVaph, 138, 310 

Cent, 123 
Cheshire’s disc, 85 
Chladni’s figures, 184 
Chromatic scale, 218 
Chronograph, 202 
Combination tones, 148 
Compression, magmtude of, 8 
Conical horn, 172 
Consonance, 142 
Coupled system, 121 
Critical angle, 70 
Crova’s disc, 9 

Damping, 153 
Decilwl scale, 14 
Diatonic scale, 217 
Diffraction, 28 
Diffraction grating, 91 
Dimensions, \ise of, 12, 99, 309 


Direction finding, 249 
Disc records, 241 
Discontinuous construction, 297 
Displacement, 2 
curve, 7 

Dissonance, 142 et seq. 

Doppler’s principle, 116 seq. 
Double source, 50 
Duhamel, 201 

Ear, the human, 19 
Ear, analysing power of, 130 
sensitivity of, 21 
Echoes, 62 et seq. 
harmonic, 17 

Echo-sounding, 260 et seq. 

applications of, 266 et seq. 

Edge tones, 120 
End correction, 160 
Energy of a particle, 2 
of vibrating object, 125 
Exponential horn, 170 

Falling plate, 203 
Fessenden oscillator, 254 
Film recording and reproduction, 242 
Flaw detector, ultrasonic, 64 et seq. 
Fleming, N., 303, 304 
Fletcher, 20, 291 
Floating floor, 297 
Fork-interrupter, 213 
Forced vibrations, 151 
Fourier’s theorem, 129 
Free vibrations, 162 
Fresnel zones, 90 
Frequency, audible limits of, 22 
determination of, 196 tt seq. 
of A.C. supply, 105 
Frequency ratio, 122 

Galton’s whistle, 25 
Gramophone, 236 
Greely, 38 
Griffin, 67 


1 Harmonics, 98 
344 
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Harmonic series, 169 
Harp, 228 
Hartridge, 67 
Hebb, 38 

Helmholtz, 130. 133, 146, 169, 213, 
233 

Helmholtz notation, 123 
resonator, 131 
Huyghen’s wavelets, 9 
Hydrophone, 183 

Image, acoustic, 53, 60 
Imp^ance, acoustic, 29 
Intensity, measurement of, 14 
Interference, 78 et seq. 
Interferometer, acoustic, 29 
Inverse square law, 14 

Jet tones, 120 

Koenig, 16, 128, 149 
resonator, 132 
Kundt’s tu^, 46 

Laryngoscope, 233 
Lissajous’ figures, 137 
Logarithmic decrement, 153 
Loudness, 124 et eeq., 291 
Loudspeaker horns, 170 

Magnetostriction, 27 
Manometric flame, 166 
Meldo^s experiment, 102 
Mersenne’s laws, 99 
Microphone, carbon, 191 
condenser, 23, 192 
crystal, 194 
electrodynamic, 194 
hot-wire, 22 
Modulation, 219 
Multiple source, 61 
Miuical instrument, 221 
interval, 121 

Musical note, analysis of, 129 et seq. 

synthesis of, 133 
Musical scale, 121, 217 

NodeS; 96 
Noise, 26, 288 
measurement of, 290 
Noise-meters, 293 ! 

Organ, electronic, 167 
Organ pipes, 163 et seq. 


Oscillator, magnetostriction, 259 
piezoelectric, 257 
Overtones, 98 

Particle velocity, 6 
Phase difference, 4, 22 
Phon, 292 
Phonic wheel, 212 
Phonodeik, 132 
Piano, 127, 227 
Piezoelectricity, 25 
Pitch, 115 seq. 

standards of, 124 
Public address systems, 283 

Quality, 126 
Quincke's tube, 80 

Range of sound, 43 
Rarefaction, magnitude of, 8 
Rayleigh, 15, 17, 22, 54, 62, 113, 119, 
176, 178, 180, 186, 190, 201, 207, 
214 

Rayleigh disc, 15 
Receivers, types of, 18 
Recording, electrical, 237 
Reflection in strings, 94 et seq. 

in tubes, 50 et seq. 

Refraction, atmospheric, 74 et seq. 

water, 77 
Regnault, 36 
Resonance, 152 
box, 167 
electrical, 157 
sharpness of, 153 
Resonators, 173 et seq. 

Reverberation, control of, 278 
optimum time of, 276 
time of, 273 

Sabine, P. £., 281 
Sabine, W. C., 272 
Sabine's equation, 275 
Schleibler's tonometer, 206 
Sensitive flame, 23 
Shadows, sound, 61 
Signalling, 249 et seq. 

Simple harmonic motion, 1 
equation for, 2 

Siren, Cagniard de la Tour's, 199 
disc, 121, 199 
efficiency of, 201 
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Sondbauss, 70 
Sonometer, 100 
use of, 196 

Sound, absorption of, 16 
analysis of, 24 
diffraction of, 89 et seq. 
filtration of, 17 
propagation of, 1 et seq. 
reception of, 18 ct seq. 
recording of, 24, 234 
reflection of, 52 et seq. 
refraction of, 69 et seq. 
reproduction of, 239 
scattering of, 16 
transmission of, 13 et seq. 

So\ind insulation, 293 et seq. 

ranging, 249 
Sounding board, 155 
Speaking tube, 72 
Stationary' waves, 81 et seq. 

in strings, 96 et seq. 

Stethoscope, 73 
Stewart, 251 
Stone, 37 

Stringed instruments, 223 
Stroboscope, 207 
Submarine geologj', 78 

Tape recording and reproduction, 
245 

Telephonic theory, 131 
Temperament, 218 
Temperature gradient, 77 
Threshold of audibility, 21 
of feeling, 21 
Total reflection, 70 
Transients, 129 

Transmission, coefficient of, 294 
Tucker, 23 

Tuning fork, 108 et seq. 
electrical, 102 
frequency of, 196 et seq. 
interference with, 80 
valve-maintained, 110 


Ultrasonic cries of bats, 66 et seq. 

waves, properties of, 27 
Ultrasonics, 25 et seq. 

Valve oscillator, 54 
Velocity of sound, 30 et seq. 
factors affecting, 31 
in gases, 30 et seq. 
in liquids, 40 et seq. 
in solids, 44 et seq. 
in tubes, 40 
soimd wave, 9 et seq. 

Vibration microscope, 215 
combination of, 134 et seq. 
Vibrations of air columns, 159 et seq. 
diaphragms, 180 
membranes, 177 
plates, 183 
rods, 106 et seq. 
in conical pipes, 169 
in strings, 93 et seq. 
torsional, 113 
Vibrator, electrical, 105 
Violin, 127, 223 
Voice, the human, 233 

Waller, 187 
Wave, intensity of, 13 
longitudinal, 7 et seq. 
plane, 13 
spherical, 13 
transverse, 4 et seq. 

Wave motion, 3 et seq. 

equation of, 5 
Wave velocity, 6 
Weber’s law, 124 
Wente, 23 
Wheatstone, 185 
Whispering gallery, 62 
Wind instruments, 229 
Wood, A. B., 310 

Zone plate, 90 
Zones of silence, 88 
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